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ABSTRACT
DETERMINING THE IMPACT OF CORN SOURCE ON NUTRIENT
AVAILABILITY AND PIG PERFORMANCE, AND IMPROVING BOAR
PERFORMANCE DURING HEAT STRESS
JORDAN JANSEN
2022
The quality and effectiveness of the feedstuffs included in diets of production
livestock directly impact yield efficiency and performance characteristics desired by
producers. This thesis focuses on the performance and digestibility of corn from different
countries in pig diets and how different feed additives can be supplemented to improve
boar reproductive performance during heat stress. Corn is the largest energy source in
common pig diets. The physical characteristics of corn such as broken kernels, foreign
material, and excessive dust are said to negatively impact the quality of the grain for pig
diets by being less digestible and a worsened nutrient profile. Phytase and betaine are
common additives in pig diets to help promote digestibility and nutrient utilization. These
products have been included into the diets of boars to help combat one of the swine
industry’s most detrimental antagonists to all stages of pig production, heat stress.
Three corn sources from the United States, Argentina, and Brazil were utilized in
the comparison of corn source and quality in weaned pig diets. The following parameters
were measured: growth performance (n=96 mixed sexed pigs), apparent and standardized
ileal digestibility (AID and SID) of amino acids (AA) (n=10 barrows), and energetic
value of each corn source based on gross energy (GE), digestible energy (DE),
metabolizable energy (ME), and net energy (NE) (n=12 barrows). In terms of growth
performance characteristics such as final body weight (FBW), average daily gain (ADG),
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and average daily feed intake (ADFI), no significant differences were detected between
nursery pigs fed diets containing corn from the U.S, Brazil, or Argentina. The U.S. cornfed pigs tended to have a greater gain: feed (G: F) ratio compared to those of Brazil and
Argentina-fed pigs. In terms of nutrient digestibility, minimal differences were detected
between the corn sources. Energy determination (GE, DE, ME, and NE) told a similar
story, where minimal differences were detected between grain sources.
Mature duroc-influenced boars of mixed ages (n=96) were split into three
different barns of identical design, with 32 boars per treatment group, and fed a common
diet once per day (NRC, 2012). Room temperature and relative humidity were recorded
with LogTags in each barn. Each barn was designated to one of 3 treatment groups
receiving a top dress supplement (Control = ground corn and oil; Phytase = ground corn,
oil, and a super dose of phytase (2,500 FTU/kg); Phytase +Betaine = ground corn, oil,
super dose of phytase (2,500 FTU/kg) + betaine (.60%) for the entire 12-week trial.
Phytase and betaine were utilized to determine their ability to help combat the effects of
heat stress on reproductive performance through the summer months. All boars were
collected once a week and semen was analyzed with an IVOS II, where motility and
morphology were recorded. Hand counts of every boar ejaculate were also conducted on
weeks 1,3,5,7, and 9 to determine morphology utilizing an IVOS I. Raw semen samples
were analyzed at weeks 1, 6, and 12 to determine the levels of inositol in the raw
ejaculate, a carbocyclic sugar found in semen that may improve semen characteristics.
Minimal differences were detected between boars that were treated with the
Control, Phytase, or Phytase + Betaine treatments for nearly all reproductive performance
measures that were considered. Hand counted morphology was also not significantly
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different between the three treatment groups. Inositol levels appeared to be better
maintained in the raw ejaculate of the boars that were supplemented with betaine and
phytase top-dress compared to the boars that received only the phytase top dress and the
control top-dress from week 1 compared to results at found at week 6 and week 12;
though these findings were not significantly different.
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1.0 LITERATURE REVIEW
Jordan Jansen
Department of Animal Science
South Dakota State University, 57007
1.1. Corn
Maize (Zea mays L.), what we now call corn today, has become a global staple in
the agriculture industry. Just like many other grains, it took many years and
manipulations to form domesticated corn that we all know and use heavily today. The
Mesoamerica (southern Mexico) territory is said to be the birthplace of domesticating the
grain (Beadle, 1980; Troyer, 1999; García-Lara and Serna-Saldivar, 2019) nearly 10,000
years ago. The evolution of this cereal grain took place in many countries across the
world and was diligently guided by the hands of many ancient farmers and ancestors. The
origin of corn, the Western Hemisphere’s most important crop for food production, is
much more complex to understand than other plants such as barley, wheat, and rice; these
crops still have a native heritage in their respective homelands that allow easy
traceability, unlike corn. Although, it is believed that corn was derived from some sort of
native grass due to its highly unique characteristics that are incomparable to any other
species; multiple kernels and an outer husk are the most unique characteristics that corn
presents (Beadle, 1980).
Just a few centuries later, the genetic makeup of corn was starting to transform
into a much more diversified grain in terms of usage and adaptability to new areas of the
world. Higher yielding potential and new hybrids continued to evolve throughout the
years of corn production eventually bringing the grain to a status that was unreachable for
other crops to obtain; the most pertinent cereal grain in the world (Beadle, 1980; García-
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Lara and Serna-Saldivar, 2019). The first type of corn that entered the United States is
known as flint corn around 1,000 BC (Troyer, 1999). This highly heralded grain received
global attention by the Europeans on November 5, 1492, when they discovered the
Americas and received the grain as a gift from the Americans on their travels of the
world. Within 100 years of this discovery, the grain had taken the world by storm;
reaching countries such as Italy, France, Egypt, northern Spain, Portugal, northern
Europe, Africa, and India (Beadle, 1980; Smith et al., 2004; García-Lara and SernaSaldivar, 2019). Yellow dent corn, the new and improved version of the cereal grain, then
made its way to the Americas 2,500 years after flint corn when Columbus and the
Europeans made their visit (Troyer, 1999).
The next chapter in the evolution of modern-day corn would revolve around the
major genetic changes and finding environmental success. As countries around the world
began to adopt the cereal grain into their agricultural production systems, the
domestication of corn and its versatility in different environments became a reality
(Beadle, 1980; Smith et al., 2004). The states of Tennessee, Kentucky, and Virginia were
recognized as the first Corn Belt in the United States in the 1830s due to their high ability
to grow the grain due to the optimal environmental conditions; genetic changes in corn
later shifted the Corn Belt to Iowa, Illinois, and Missouri in 1880. Almost 1,000 cultivars
of flint corn and dent corn were developed during the creation of the U.S. Corn Belt
through the process of artificial and natural selection in the 1800s. These genetic inbred
crosses resulted in changes to the color of the kernels, along with higher adaptability and
yielding in distinct types of environments (Troyer, 1999). According to Troyer (1999),
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feeding value was higher in yellow corn and as a result, white corn production went from
50% in 1920 to 1% in 1970.
These genetic shifts have led us to the evolution of hybrid corn (Troyer, 1999).
Smith et al., (2004) state that hybrid corn is one of agriculture’s greatest scientific
creations. This scientific vision was led by Lester Pfister and Henry A. Wallace, who
blazed the path for improving corn’s genetic potential. A few years after its creation,
hybrid corn composed only about 1% of the total United States corn in 1933. By 1960,
more than 90% of all the corn grown in the United States was hybrid corn from these
genetic lines (Beadle, 1980; Smith et al., 2004). The hybrid genetics that have been
created through years of scientific research has allowed greater yields. In the 21 years
from 1990 to 2011, global corn production almost doubled from 482.0 million metric
tons to 832.5 million metric tons (Gwirtz and Garcia-Casal, 2014). These hybrids have
also allowed producers to better fight off many crop diseases, insects, and unfavorable
environmental conditions such as droughts (Smith and White, 1988; Smith et al., 2004).
These genetic shifts, along with genetically enhanced corn in today’s production, have
made corn the most efficient cereal grain in the world in terms of converting natural
resources into a prosperous crop while improving digestibility and value to livestock diets
(Beadle, 1980; Clark and Ipharraguerre, 2001).
As geneticists continue to explore improvements in corn genetics, the structural
anatomy of corn kernels has been discovered through many years of processing the cereal
grain for many different feedstuffs and products. A kernel of corn is anatomically broken
down into four different primary structures and the percentage of their makeup in one
given corn kernel is: the endosperm (83%), which is composed of starch enclosed by a
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protein matrix, the germ (11%), the pericarp (5%), and the tip cap (1%). The germ, also
known as the embryo of the kernel, contains 33.3% fat, many enzymes and nutrients, and
vitamin A and E, which are all crucial substances in the development and growth of corn.
The pericarp is the part of the kernel that acts as the outer barrier that encompasses the
endosperm and the germ; the structure is remarkably high in fiber. Lastly, the tip cap is
the prominent site of nutrient and moisture transportation during the development of the
grain. The different characteristics and components of the corn kernel have allowed the
agriculture industry to utilize every part of the kernel in some shape or form (Gwirtz and
Garcia-Casal, 2014).
Corn has become one of the most versatile grains in the world, extending far
beyond a simple food source for humans and livestock production. Finding new ways to
create energy sources that are renewable rather than using fossil fuels have become the
solution to environmental improvement, lowering greenhouse gas emissions, and global
sustainability. As a highly renewable resource, corn is one of the major contributors in
the bioenergy world; specifically, the corn stover (Blanco-Canqui and Lal, 2007; Barros
et al., 2020; Battaglia et al., 2021). The stover of a corn plant is the residue that is left on
the topsoil following the harvest of the actual grain, which include husks, tassels, and
stalks. Being high in cellulose and abundant in quantity, it has become the most produced
crop biomass in the United States. Although the corn kernels aren’t utilized in this
process, the rest of the plant has found important use in creating large amounts of biofuel
feedstocks, liquid biofuel, and plant-based ethanol fields (Blanco-Canqui and Lal, 2007;
Battaglia et al., 2021). Battaglia et al., (2021) share a prediction from the U.S.
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Department of Energy that corn stover supplies within the United States are appraised
between 207 and 246 million Metric tonnes/year starting in 2022 until 2030.
1.1.1. Usage of corn in agriculture
As the corn and agriculture industry has continued to evolve, the cereal grain that
was once used primarily for human consumption is no longer at the pinnacle of human
use. It currently ranks third in the world as a grain food source for humans, behind wheat
and rice (White and Pollak, 1995). Rice and wheat have overtaken corn in human
consumption rankings due to the high usage of corn in livestock diets, along with the
personal and culturally driven preferences of consuming rice and wheat over corn
(Beadle, 1980; White and Pollak, 1995; (Gwirtz and Garcia-Casal, 2014). Nonetheless, it
was, and still is utilized in many different forms in human food; whether it is consumed
whole, popped, ground, or fractionated, it is found in many human-friendly products
worldwide (White and Pollack, 1995). Gwirtz and Garcia-Casal (2014) state that 60–70%
of the world’s corn is used for livestock feed and the remaining grain is used by humans
for consumption.
With the global shift away from utilizing corn as the primary cereal grain for
human consumption, the agriculture industry has expanded and marketed its corn in
many ways (McPhail and Babcock, 2012; Martinez and Fernandez, 2019). Martinez and
Fernandez (2019), express that corn production demand is well over 1 billion metric
tonnes every year; this quantity is 25% higher than wheat and rice. These demands for
corn challenged the dry and wet corn milling industries to improve their operating
efficiency, while also adding new products to their arsenal (Watson, 1988). Ethanol and
other byproducts from these processes are now reaching record-high demands, which is
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the direct result of high-level commodity marketing that has been developed by countries
that are at the forefront of global corn production and technological advancement; the
United States leads the charge as the world’s largest producer of the corn (Martinez and
Fernandez, 2019). The production efficiency and handling of these products are also a
large part of the multifaceted corn industry that we know today; environmental
improvements in the production of these products are also being made as production
levels increase (Watson, 1988).
In terms of total yield and production, corn is still by far the most-produced cereal
grain in the world (Martinez and Fernandez, 2019). This multipurpose grain has made
astronomical impacts on many industries in the agricultural realm. The grain’s largest
users which were once human consumers have now been replaced by the producers of
biofuel/bioenergy, byproducts, and livestock (White and Pollak, 1995; Zhang et al.,
2021). Due to the record-setting production that these industries are operating at, the corn
processing industry is also operating at all-time highs in terms of yielded products
(Blaschek et al., 2010). Therefore, the record-setting global corn production seen and the
technological advancements that are continually occurring are a result of strategic
marketing strategies that were spearheaded by the largest corn-producing country in the
world; the United States of America (Martinez and Fernandez, 2019).
As agriculture would evolve, cereal grains would become common ingredients in
livestock diets as opposed to being used for only human consumption (Beadle,
1980; White and Pollak, 1995; Gwirtz and Garcia-Casal, 2014). More specifically, corn
would become a staple in swine diets as the largest ingredient in terms of diet
composition while being the main source of energy (Columbus and de Lange, 2012;
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Kong and Adeola, 2014; Zhang et al., 2021). Scientific findings also found that corn
would be a source of AA and vitamins to nutritionally benefit pigs (Rausch and Belyea,
2006; Loy and Lundy, 2019; Zhang et al., 2021). As grain milling processes would
continue to improve, swine producers were able to feed more complex diets, while also
gaining specialty feedstuffs like DDGS, a byproduct of corn (Watson, 1988; Zhang et al.,
2021). With global corn production continuing to increase, the United States of America
continues to be the prominent corn growers, followed by South American countries such
as Brazil and Argentina who are also major corn producers in terms of global production
(Martinez and Fernandez, 2019).
1.1.2. Corn usage and energy in swine nutrition
Over the past few decades, many discoveries have been made in the animal nutrition
industry that has completely changed the way we raise and feed animals (Columbus and
de Lange, 2012). Corn and its byproducts completely transformed the way we feed
livestock, especially in monogastric animals as a prominent energy source (Columbus
and de Lange, 2012; Kong and Adeola, 2014; Zhang et al., 2021). Swine production has
been directly impacted by the evolution of the corn industry and corn milling processes
(Zhang et al., 2021). Cereal grains have become a substantially large component of
common swine diets, ranging anywhere from 50% to 85% of the total diet (Myer and
Brendemuhl, 2004). Formulating economical swine diets while meeting the energy and
nutritional requirements of the pig has become one of the most key factors in running a
successful operation, as feed is said to be at least 50% of all production costs
(Velayudhan et al., 2015). Even though it is not a nutrient, energy is the most expensive
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component in nutrition and is the key in creating a balanced diet for swine (Kil et al.,
2013b).
When a nutrient is consumed by the animal, energy is either obtained by the body
or excreted in bodily functions such as heat, urine, or fecal matter (Kil et al., 2013b). In
order to determine the amount of energy a feedstuff contains that can be readily available
for the pig, gross energy (GE), digestible energy (DE), metabolizable energy (ME), and
net energy (NE) can be determined. With GE representing the total amount of energy
found in the feedstuff, DE, ME, and NE of the feedstuff can then be calculated. GE to DE
determination accounts for energy lost in the feces, DE to ME accounts for energy lost in
urine and gasses, and lastly, NE is determined from ME by accounting for energy lost
with heat of digestion and activity (Kong and Adeola, 2014). The figure below from Li et
al., (2018) represents the subsequent losses from GE to NE:

Figure 1.1 Scheme of energy utilization in pigs. The utilization of energy in a feed by
pigs is a multi-level system. GE, gross energy; DE, digestible energy; ME, metabolizable
energy; RE, retained energy; NE, net energy; FE, fecal energy; UE, urinary energy; THP,
total heat production; FHP, fasting heat production; HI, heat increment.
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Li et al., (2018) shows that DE, ME, and NE values are not influenced by the
amount of corn eaten by pigs, though NE in corn is increased when AA are supplemented
while DE and ME remain the same.
1.2. Amino acids in swine nutrition
Amino acids can be very complex substances. Each AA has specific properties
due to their biochemical makeup, allowing diverse functions within the body. Every
indispensable and dispensable AA has an asymmetric carbon, a primary amino group,
and a carboxyl group linked to an x-carbon atom. Their unique side chains are what make
them function-specific (Wu, 2009). With over 300 AA found in nature, the commonly
known 20 essential and nonessential AA are the ones responsible for building protein.
These unique substances are also responsible for many other in vivo functions that are
vital to the body; protein phosphorylation, regulating gene expression, hormone
synthesis, and cell signaling are a few of the most notable (Wu, 2009).
The inclusion of crystalline AA has become a staple in formulating successful
monogastric diets. As we continue to supplement diets with AA, we gain more scientific
knowledge and understanding of what exactly they do for animals (Columbus and de
Lange, 2012). Indispensable AA, which are supplemented in the diet, and dispensable
AA, which are naturally synthesized in the body, are the main AA in animal nutrition. By
utilizing crystalline AA, we continue to see improvements in animal health and
performance (Wu, 2009; Liao et al., 2015). Along with the previously mentioned roles of
AA by Wu (2009), improving immune function, reproductive success, performance
measures, and the regulation of many complex metabolic pathways are also key functions
of AA (Liao et al., 2015).
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1.2.1. Growth performance utilizing corn and amino acids in swine diets
Growth performance, as mentioned before, has been impacted by the utilization of
corn and its byproducts because of the energy and AA they contain (Almeida et al.,
2011; Velayudhan et al., 2015). The importance of proper AA inclusion in swine diets
starts at pregnancy with gestating females, as fetal survivability and pregnancy
conception can be inhibited by improper utilization of AA (Wu et al., 2010). Improperly
formulating diets with low AA concentrations can also result in decreased feed
efficiency, delayed growth, underdeveloped muscle, and greater fat deposition in growing
pigs (Kerr et al., 1995; Opapeju et al., 2008). Low energy diets and AA intake result in
slower growth and fatter carcasses with reduced levels of marbling (Pettigrew and
Esnaola, 2001). Pigs that are fed higher total concentration of AA diets have exhibited
greater efficiency and growth (P < 0.01) with reduced backfat levels in the grower phase
(P < 0.001) (Chiba et al., 2002). Decreased levels of nitrogen were reported in the feces
of swine that are fed a balanced AA diet, which contributes to environmental stewardship
(Han et al., 2001).
1.2.2. Roles and functions of amino acids
By correctly formulating diets using certain AA like tryptophan, cysteine, leucine,
glutamine, proline, and arginine (known as functional AA’s), major improvements in
many health issues are being reported, fertility rates are being increased, and morbidity
and mortality percentages are decreasing (Wu, 2009). Correct usage of AA by the body
can also result in the maximization of milk, meat, and egg yield (Wu, 2009; Liao et al.,
2015). According to Liao et al., (2015), lysine, which is the first limiting AA in pig diets,
may have the largest impact on the high growth rates currently reported by the swine
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industry. With a plethora of information on AA in terms of big picture effects on animal
performance and health, environmental conservation, and producer benefits, the
underlying science behind AA are much more complex to understand and interpret
(Columbus and de Lange, 2012; Liao et al., 2015). Wu (2009) noted that maintaining
homeostasis and correct AA levels in the body is important in maximizing potential and
stopping adverse effects that formulating AA levels above and below the requirements
can have.
Amino acids are also used as a substrate to make many other AA, non-nitrogen
molecules, and non-peptide molecules. These include substances such as urea,
polyamines, carnitine, and ammonia (Wu, 2009). For example, carnitine is required in the
body to complete some particularly principal functions; it is made from both lysine and
methionine through a biochemical process that is quite extensive and complex. This
substance is extremely crucial in the process of beta-oxidation which functions to
transport long-chain fatty acids from the cytoplasm to the mitochondria for ATP
production in tissues such as adipose tissue, heart, skeletal muscle, and liver (Steiber et
al., 2004). Carnitine also has very important physiological roles in the body, such as
fighting off oxidative stress, improving cardiac credentials, keeping homeostasis within
blood cholesterol, and monitoring energy levels (Ferrari et al., 2004).
Contributing to energy requirements in the diet is another function of AA,
although it’s not favorable. When other major ingredients such as carbohydrates and
lipids are unable to meet the necessary energy requirements of the body, AA help meet
energy demands. A large majority of the AA used for energy are the free AA that are
found throughout the body in massive pools. They will go through a process called post-
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absorptive oxidation in certain circumstances when the body needs their use for energy
generation (Liao et al., 2015).
1.2.3. Digestibility and utilization of amino acids and nutrients
AA bioavailability and ileal digestibility were developed to better understand how
pigs utilize different feedstuffs and dietary AA (Stein et al., 2007). Bioavailability of AA
is said to be the amount of dietary AA that are consumed in a form that is available for
protein synthesis and metabolism (Batterham, 1992; Lewis and Bayley, 1995). Ileal
digestibility is displayed in the following values as a percentage of AA disappearance
from the small intestine; apparent ileal digestibility (AID), standardized ileal digestibility
(SID) and true ileal digestibility (TID). AID values represent the total disappearance of
dietary AA that were consumed without accounting for endogenous losses. AID values
are obtained from the digesta collected from pigs at the distal ileum (Stein et al., 2007).
SID values are also determined at the distal ileum and represent disappearance of dietary
AA accounting for basal endogenous losses by removing contribution of basal
endogenous AA from the total AA outflow in the final value calculation (Jondreville et
al., 1995; Jansman et al., 2002). TID values account for both basal and specific losses
(Stein et al., 2007). Equations below from Stein et al., (2007) represent AID and SID
values discussed above:
𝐴𝐼𝐷, % = [

𝑆𝐼𝐷, % = {

(AA intake−ileal AA outflow)
AA intake

] x 100

[AA intake −(ileal AA outflow−basal IAAend)]
AA intake

} x 100
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These endogenous losses have been categorized into either basal losses or specific
losses (Nyachoti et al., 1997; Jansman et al., 2002). Basal losses are not affected by the
feedstuffs consumed by the animal, but could be lost through feed moving through the
digestive tract or due to the animal’s current metabolic state (Stein et al., 2007). Specific
losses are influenced by feedstuffs composition, where different fibrous feedstuffs and
different antinutritional factors can influence these losses (Schulze et al., 1995).
SID and AID have been utilized to directly compare different cereal grains and
different processes that these grains undergo. Muley et al., (2007) reported that yellow
dent corn that had been extruded had higher AA SID values than wheat and sorghum.
The SID values for crude protein and indispensable AA of hybrid rye were lower than the
values of corn, wheat, and barley, yet the AA concentrations in hybrid rye were higher
than in corn (McGhee and Stein, 2018). SID values have also become the most common
method in terms of formulating swine diets (Stein et al., 2005). This is because AID
values are not additive in complete diets as they do not account for basal endogenous
losses. TID values may become more important in the future, but the uncertainty of
specific losses needs to be addressed before they are used routinely (Stein et al., 2007).
1.3. Boar history and the immergence of boar studs
Evolution of the domestic pig began in 1777, when Erxleben labeled the ancestral
species of domesticated swine with the scientific name Sus scrofa domesticus. Now,
hundreds of domesticated breeds of swine exist all over the world that are continually
becoming more efficient in their ability to produce higher-yielding and quality meat
sources for human consumption. Two subspecies were initially recorded in European and
Asian countries before the use of crossbreeding species was later revamped by the United
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States, China, and England to garner the many genetic lines that exist today (RowleyConwy et al., 2012). The domestication of the pig has allowed producers to better
manage pigs in different stages of production (Okumura et al., 2001).
As the evolution of the domesticated pig progressed, the use of the boar began to
change and the emergence of artificial semination in the 1930s would forever change the
trajectory of the swine industry. Fifty years later, artificial insemination became a
common procedure in the 1980s. The late 1990s and early 2000s sought a great deal of
growth and knowledge as the procedure would continue to develop (Bortolozzo et al.,
2015). As artificial insemination became a normal practice in the swine industry, boar
studs were created. Boar studs are operations that contain only boars, or intact male pigs,
in order to collect semen for the breeding of females (Robinson and Buhr, 2005).
The proper utilization of different artificial insemination techniques and
technologies has allowed the swine industry to substantially increase its production
throughout the last few decades (Weitze, 2000; Riesenbeck, 2011). Many countries have
adopted these technologies, yet some have continued to use natural services as their main
form of breeding their females. In 2008, the United States and many European counties
attributed at least 90% of their total reproduction services to artificial insemination. China
produced nearly 40 million tons of pork over the world’s second-largest producer, the
United States, in 2008; only 10% of their reproductive services were known to be
artificial insemination (Riesenbeck, 2011). As countries start to become more
industrialized, continual growth and usage of artificial insemination are being seen
(Weitze, 2000; Riesenbeck, 2011).
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1.3.1. Artificial insemination and reproductive technology in the swine industry
Two common artificial insemination practices would soon become standard
practices in the swine industry (Bortolozzo et al., 2015). As the most popular
reproductive technologies in the swine industry, CAI (intracervical insemination) and
PCAI (post cervical insemination) would become the new normal in breeding females in
swine production in countries around the world (Roca et al., 2006). Intracervical
insemination is an artificial insemination process where a 70-100 ml dose of extended
semen (containing 1.5 - 4.0 billion spermatozoa) is inserted in the cervical canal at the
posterior position. PCAI later followed CAI where a smaller, inner catheter was passed
through the CAI catheter allowing deposition of semen into the uterine body of the sow
(Bortolozzo et al., 2015).
PCAI is an artificial insemination process that doesn’t require the presence of the
boar for stimulation like the CAI process (Watson and Behan, 2002). Additionally, a
lower concentration of sperm can be used PCAI since the sperm cells are deposited
deeper in the female’s reproductive tract. Previous work has shown that 1 – 1.5 billion
spermatozoa per insemination dose resulted in successful conception without altering
reproductive performance in females (Watson and Behan, 2002; Hernández-Caravaca et
al., 2012). Reproductive success has also been reported at 0.5 billion spermatozoa per
dose; however, decreases in litter size, quality of embryos, and fetuses were noted
(Mezalira et al., 2005; Bortolozzo et al., 2015; Bennemann et al., 2018). PCAI has
become common in many countries around the world, yet no guidelines for optimal
success are stated (Bortolozzo et al., 2015). Proper volumes per dose for PCAI doses has
also been discovered and tested, where ranges from 20 ml to 80 ml have been
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successfully used without impairing fertility compared to CAI (King and Hansen, 2001;
Watson and Behan, 2002; Mezalira et al., 2005; Diehl et al., 2006; Bennemann et al.,
2018). Litter size and farrowing rates reported negative impacts with decreasing volume
from 50-25 ml (Bortolozzo et al., 2015). If proper volume and concentrations are utilized,
PCAI can limit the potential of sperm backflow out of the female during insemination,
which is a known issue in the improper use of CAI. Sperm backflow is a process in which
the semen deposited into the female during artificial insemination leaks from the uterus
into the vagina and out of the body due to improperly positioning the A.I. rod or
depositing semen too quickly (Knox, 2016). There is potential for fertility to be enhanced
with the use of PCAI as opposed to the CAI method (Mezalira et al., 2005; Bortolozzo et
al., 2015; Bennemann et al., 2018).
Implementing reproductive technology into the swine industry has put major
emphasis on better managing reproductive vigor to achieve desirable genetic traits
(Flowers, 2020), like litter size, lean yield, feed efficiency, backfat, and age at 100 kg
(Robinson and Buhr, 2005). The improvement of these genetic traits started to occur as
geneticists and producers started selecting their boars based on their visual appearance.
Genetic tools, such as estimated breeding values (EBV), allowed individual assessment
of boars based on their genetic potential with the use of computers and genetic databases
to display the traits that are economically important to producers (Safranski, 2008). EBV
eventually became the new selection process before genomic breeding values (GEBV)
came along. EBV uses phenotypic traits to further genetic progress, whereas GEBV uses
genotypic traits (Badke et al., 2014). Geneticists have since been trying to increase the
heritability of the growth performance traits listed above while adding many new genetic
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traits to swine like loin eye area size, marbling of the meat, structural correctness, and
even higher survivability of piglets at birth and weaning (Robinson and Buhr, 2005).
These genetic selection processes have faced many challenges along the way, as
single sire semen has become less prevalent in the swine industry, unlike the cattle
industry. Most of the boar semen collected for the use of artificial insemination is pooled
with other boars of the same genetic line to increase the quality of the semen dose used
for artificial insemination, making individual performance harder to analyze and follow
(Flowers, 2020). The process of pooling semen has placed a larger emphasis on
maintaining a higher standard of genetic vigor between genetic lines, as performance data
for individual boars and their specific offspring is difficult to determine and follow.
Terminal sire indexes (TSI) have since been created to monitor the growth and
reproductive performance of sires and their genetic potential within different genetic
companies. Many boars from credited genetic companies that reach a high status in a
boar stud may be ranked as high as 5-10% in those given TSI categories. Sires that don’t
reach and exceed the genetic standards that are set by genetic companies may never reach
semen production in a boar stud, or they may risk early culling with the replacement of
younger and more genetically superior sires to increase the genetic improvement within
given populations (Robinson and Buhr, 2005).
The growth and genetic revolution that the swine industry reported over the last
40 years has been substantial, yet the industry is still striving for greater efficiency and
performance. The reproductive efficiency of a breeding herd is an indicator of a
successful swine operation. Increasing reproductive efficiency is contingent on
reproductively superior sires and the genetic potential they possess. Individual fertility
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parameters in single sire boars have been overlooked with the process of pooling semen
to enhance the likelihood of reproductive success. In contrast, the cattle industry has
made many genetic advancements and selections with their ability to track the progeny of
each sire with the use of single sire breeding (Dyck et al., 2011). Current semen analysis
of measuring the volume, concentration, motility, and morphology of a given boar
ejaculate contains some correlation with the fertility of the ejaculate (Amann et al., 1995).
True fertility in boars cannot be measured (Correa et al., 1997; Brahmkshtri et al., 1999)
however some have adopted molecular examination processes, like the in vitro semen
examination method, to help determine fertility by looking at epidydimal function, along
with the testicular functions of the boar (Braundmeier and Miller, 2001; Rodriguez‐
Martinez, 2003; Foxcroft et al., 2008). Despite these advancements, there is not a single
test that can exhibit the true fertility of a boar (Mills et al., 2020).
1.3.2. Boar nutrition
The proper nutritional requirements needed for optimal reproductive performance
in boars is yet to be fully discovered, as reported by the NRC (2012) in part because
boars make up an exceedingly small portion of the global swine population (Wilson et al.,
2004). Further understanding of the nutritional requirements of boars is a necessary
component to the advancement of the swine industry as understanding the proper
nutritional requirements may improve the reproductive performance of boars.
Additionally, improper boar nutrition can not only affect genetic advancements, litter
sizes, and farrowing rates, but also individual performance characteristics such as libido,
structural soundness, and sperm production (Wilson et al., 2004; Ruiz-Sánchez et al.,
2006; Roca et al., 2015). Offspring sired by nutritionally deficient boars are susceptible to
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lower performance characteristics in traits such as growth, feed efficiency, and carcass
quality (Oh et al., 2006; Safranski, 2008).
Proper mineral and vitamin supplementation coupled with correct energy, protein,
and AA concentrations are vital in obtaining maximum growth and reproductive
performance in both growing and mature boars (Wilson et al., 2004; Stewart et al., 2018).
Minerals like zinc, copper, calcium, phosphorus, and selenium have been included in
boar diets to achieve optimal production, each with a specific role within reproductive
functions (Hesketh, 1982; Marin-Guzman et al., 1997; Wilson et al., 2004; Kowalowka et
al., 2008). Vitamin C and vitamin E have also been included in boar diets to improve
reproductive performance (Lugar et al., 2019). Literature from Lin et al., (1985) reported
that dietary supplementation of vitamin C in boars increased semen production during
heat stress. Research combining vitamin E and selenium has shown increased semen
production in boars as antioxidants in spermatozoa, a similar role as vitamin C (Lin et al.,
1985; Marin-Guzman et al., 1997; Marin-Guzman et al., 2000).
1.3.3. Environmental and daily production stressors on boar performance
Environmental stressors such as heat stress greatly impacts the economic side of
the swine industry. The swine industry loses over 300 million dollars a year to heat stress
(St-Pierre et al., 2003). Knox et al., (2013) state that both sows and boars are sensitive to
mediocre performance due to high heat and humidity, where 60% of operations in the
United States report reduced reproductive performance because of heat stress. Heat stress
directly impacts the reproductive performance of boars by decreasing sperm production,
motility, and viable spermatozoa within the ejaculate (McNitt and First, 1970;
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Wettemann et al., 1976; Wettemann et al., 1979; Malmgren and Larsson, 1989).
Decreased reproductive performance can last well beyond that of the stress period that a
boar endures (McNitt and First, 1970; Wettemann et al., 1976; Wettemann et al., 1979)
because the time to produce new sperm cells, spermatogenesis, lasts nearly 40 days in
boars. Normal spermatogenesis can be inhibited far beyond the end of heat stress, which
could further extend the amount of time it takes for boars to return back to normal
reproductive performance (França et al., 2005).
Heat stress has been found in boars at an environmental temperature of 33 °C and
humidity relativity of 50% after just 72 hours of exposure, which resulted in an increase
in abnormalities to spermatozoa and a lower sperm concentration in the ejaculates
(McNitt and First, 1970). Flowers (1997) determined that when temperatures reach 26-29
°C and relative humidity surpasses 80%, semen production and reproductive performance
in boars can have chronic effects, which slowly worsen over a long period of time
compared to acute effects that are sudden and last a short period of time. Two weeks of
heat stress can result in decreased semen output and can take up to 5-6 weeks to recover
once it ends (Wettemann et al., 1979). Variation has been found between and within
genetic lines and their ability to limit heat stress (Flowers, 2008).
Collection frequency is also known to cause stress in boars, leading to a decrease
in semen production. Past research reported that boars collected every 4-7 days will show
optimal sperm production (Kemp et al., 1991). The average collection frequency of boars
in North America falls within this range from Kemp et al., (1991) at 5 days (Knox et al.,
2008). The frequency of semen collection affects sperm quality and quantity. As semen
collection frequency increases, it is common to see lower sperm production and more
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immature spermatozoa present in the raw ejaculate. Decreasing the collection frequency
in boars can increase sperm per ejaculate while also increasing total normal sperm
(Flowers, 2015).
Housing and photoperiod can also have an impact on semen quality in boars.
Most boars in North America that are used for artificial insemination are housed in
different sizes of stalls depending on their size (Flowers, 2015). Recent research
compared boars housed in pens (1.8 x 2.5 m) to boars housed in stalls (0.9 x 2.1 m);
results explained that boars housed in the pens had longer semen collection times than
boars housed in individual stalls (372.3 seconds vs. 319.1 seconds; REF). Semen volume
and total sperm per ejaculate also differed where boars housed in pens produced both
higher semen volumes (230.4 ml vs. 194.1 ml) and total sperm per ejaculate (68.1 billion
vs. 63.1 billion) compared to boars housed in individual stalls. Differences in
morphology and motility were not detected, yet some boars displayed a small difference
in sperm production transitioning from a stall to a pen, which showed just an 8%
improvement in semen production and high variability (Tosky et al., 2013). High
variability in sperm production has also been seen in studies testing duration of light
exposure, where longer durations of light and changes in seasons decreased sperm
volume (Mazzarri et al., 1968); others have shown positive or no effects of duration of
light exposure from anywhere between 8 hours and 17 hours a day on semen production
(Claus et al., 1985).
1.3.4. Specialty feed additives
Knowing the nutritional requirements of boars could be less important than
knowing what feed additives can positively or negatively affect semen production.
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Betaine is one additive that has been implemented in boar diets to improve reproductive
performance acting as an osmolyte and antioxidant (Wilson et al., 2004; Stewart et al.,
2018). A methylamine by nature, betaine is a natural substance found in animal and plant
tissues that is now become a common dietary supplement in animal diets (Kidd et al.,
1997). Betaine supplementation is known to yield methionine from homocysteine by a
donated methyl group. The substance also serves as an osmoprotectant during many
different stressors in an animal’s life (Lipiński et al., 2012; Cabezón et al., 2016b).
Dietary betaine supplementation in boars has been recently investigated as a
means to reproductive improvements, in which betaine supplementation was utilized to
combat heat stress through the summer where increased semen output was shown
(Cabezón et al., 2016a; Stewart et al., 2018). Recent work hypothesized that betaine
supplementation into the diet of boars may function as an antioxidant, where an increase
in the number of spermatozoa in the ejaculate has been reported (Cabezón et al., 2016a;
Cabezón et al., 2016b). Dietary betaine supplementation at 0.63% showed a 5.97%
increase in semen output, while dietary betaine supplementation at 1.26% showed a
12.94% increase in semen output compared to those of the control treatments (Cabezón et
al., 2016b).
Primarily known as the enzyme responsible for breaking down phytate, phytase is
another feed additive that has been supplemented in boar diets as a means to improve
reproductive performance. The enzyme is responsible for breaking down phytate to
release inorganic phosphorus and inositol in the animal. Because phytate is not
hydrolyzed by monogastric animals, phytase is included in swine diets to help
monogastrics better utilize plant sources of phosphorus, as phosphorous is an important
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mineral in swine nutrition (Stewart et al., 2018). Phytase also plays a role in increasing
mineral utilization for minerals such as Zn, Mg, Cu, Ca, and P (Lei et al., 1993; Adeola et
al., 1995; Walk et al., 2013; Walk et al., 2015), and increasing energy content and
utilization (Onyango et al., 2008; Cowieson et al., 2011). Increasing the efficiency of
mineral absorption by increasing levels of phytase in boars could potentially result in
increased semen quality (Stewart et al., 2018), as reported by Al-Sa’aidi et al., (2009) in a
high phytase feeding trial utilizing roosters. Recent work from Stewart et al., (2018)
where mature boars were provided diets containing phytase at a super-dose level of 3,000
phytase units (FTU)/kg and semen production characteristics were assessed reported a
13% increase in spermatozoa within the raw ejaculate (83.2 vs. 73.4 × 109). This specific
phytase inclusion rate resulted in an 11% increase in the total number of insemination
doses per ejaculate.
As the domestication of pigs continued to evolve the swine industry, the ability to
better control boars in a boar stud and the creation of artificial insemination completely
changed pig production (Okumura et al., 2001; Robinson and Buhr, 2005). However,
environmental stressors such as heat stress still limits reproductive performance in boars.
The combination of both temperature and relative humidity or the variables alone can
have chronic effects on boar reproductive performance (McNitt and First, 1970; Flowers,
1997). Specialty feed additives have been one of the ways that swine producers have tried
to mitigate heat stress to help maintain or better the performance of boars. Furthermore,
products like phytase and betaine have been utilized in the diets of boars to increase the
utilization of other vitamins and minerals in order to combat heat stress and improve
semen production (Cabezón et al., 2016b; Stewart et al., 2018).
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2.0 HYPOTHESIS AND OBJECTIVES
Two studies were performed to determine the effect of feedstuffs on nutrient
composition and performance in weaned pig and boar diets. The objective of Study 1 was
to determine the quality of the corn sourced from the United States (U.S.), Brazil (BRZ),
and Argentina (ARG) in weaned pigs. The objective of Study 2 was to determine the
effects of phytase and betaine supplementation on mature boar reproductive performance
during heat stress.
We hypothesized in Study 1 that corn quality would have an effect on weaned pigs, with
lower quality corn performing worse than higher quality corn. In Study 2, we
hypothesized that boars supplemented with both phytase and betaine would have
improved reproductive performance during heat stress compared to boars supplemented
with just phytase or ground corn top dresses.
The parameters investigated in the corn source trial were as follows:
(1) Weaned pig growth performance measured by body weight, average daily
gain, daily feed intake, and gain: feed in the nursery phase (25-day).
(2) Amino acid digestibility based on apparent ileal digestibility and standardized
ileal digestibility to assess protein quality.
(3) Energy value as measured by gross energy, digestible energy, metabolizable
energy, and net energy.
The parameters investigated in the boar supplementation trial were as follows:
(1) Weekly boar reproductive performance analyzing volume of raw ejaculate,
semen concentration of raw ejaculate, doses of semen made per ejaculation,
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motility of the semen, morphology of the semen, the amount of total sperm
produced, and the amount of total normal sperm produced.
(2) Hand counted morphology for every boar on week 1, 3, 5, 7, and 9 of the trial
to evaluate 200 spermatozoa for the following categories: normal, proximal,
distal, DMR (distal midpiece reflex), bent tails, and detached heads to
calculate percent normal sperm.
(3) Inositol levels in the raw ejaculate at weeks 1, 6, and 12.
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3.0 A COMPARISON OF ARGENTINE, BRAZILIAN, AND U.S. CORN ON PIG
PERFORMANCE AND AVAILABLE NUTRIENTS
3.1 Abstract
An experiment was conducted to determine the effects of ground corn from the United
States (U.S.), Argentina (ARG), and Brazil (BRZ) on weaned pig growth performance
and nutrient digestibility. To assess growth performance, pens of nursery pigs (8 replicate
pens per treatment, 4 pigs per pen, n= 96 pigs, 9 ± 6.27 kg) were randomly allotted to
diets containing one of the 3 corn sources based on average pen body weight and gender
and were fed ab-libitum for 25 days. Average daily gain (ADG), average daily feed
intake (ADFI), G: F (gain to feed ratio), and final body weight (FBW) were recorded.
Overall, there was no significant difference between U.S., BRZ, and ARG sources in
terms of FBW, ADG, and ADFI. Pigs fed U.S. corn tended to have greater gain to feed
ratio over the 25-day feeding period compared to both ARG and BRZ corn sources (0.35
vs 0.34 vs 0.34 ± 0.004 G: F ratio; P = 0.062). Overall, corn source had no significant
impact on growth performance. Standardized ileal digestibility (SID) and apparent ileal
digestibility (AID) of crude protein and AA was determined utilizing 20 kg barrows
(n=10). Pigs were fed individually at three times maintenance energy requirement (3 ×
197 kcal of metabolizable energy/kg of BW0.60) as defined by NRC (2012) in two equal
meals daily. There was no difference in SID or AID percentages for crude protein or AA
digestibility. Energy value of each corn source was found by determining digestible
energy (DE), metabolizable energy (ME), and net energy (NE) values. Twelve 23.66 ±
2.55 kg barrows were housed in individual metabolism crates and fed at three times
maintenance energy requirement (3 × 197 kcal of metabolizable energy/kg of BW0.60)
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twice a day (NRC, 2012). The experimental diets consisted of 3 ‘corn’ diets where each
corn source was included as the sole source of energy. The U.S. corn diet had the highest
GE (3,827.62 kcal/g), followed by ARG (3,823.50 kcal/g), then BRZ (3,822.29 kcal/g).
In terms of DE, ME, and NE there were no differences between the corn sources. Overall,
there was no significant differences between U.S., BRZ, or ARG corn provided to
nursery pigs in terms of energy value and nutrient digestibility.
3.2 Introduction
Corn and its’ byproducts have become one of the most effective feed ingredients
in swine diets due to the high digestibility of the grain (Columbus and de Lange, 2012;
Kong and Adeola, 2014; Zhang et al., 2021). Corn is an efficient grain in livestock
production as the starch that comes from corn is almost 100% digestible to the animal
due to grain processing technologies that have been discovered. The importance of highquality corn in livestock diets continues to grow, especially in monogastric species like
swine and poultry, as maintaining or exceeding nutrient requirements of swine for proper
growth and development heavily relies on the fatty acid and AA profiles of this grain
(Loy and Lundy, 2019).
With the demand of this grain source continuing to increase both in quantity and
quality, some of the world’s top corn producing countries (U.S., BRZ, and ARG) have
risen to the top. Whether that be comparing each other’s production costs, production
efficiency, import and export markets, and even corn quality, these countries have been
trying to find the edge to elevate their grain above the rest (Meade et al., 2016). Recent
record-setting global corn production and new technological advancements are a direct
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result of strategic marketing strategies being created by agriculturalists in the U.S.
(Martinez and Fernandez, 2019).
The objective of this experiment was to determine the effect of corn quality and
its source on growing pig growth performance, digestibility of nutrients, and the amount
of energy available for use.
3.3 Materials and Methods
Study 1: Comparison of macro nutrient digestibility (protein, amino acids, and
energy) in three sources of corn from the United States, Argentina, and Brazil
Experiment 1. Ileal Digestibility
Experimental Design, Diets, and Animal Housing
Crude protein (CP) and amino acid (AA) digestibility of the 3 corn sources were
determined using 10 ileal-cannulated barrows (20 kg BW), offspring of PIC 1050 sows x
Duroc composite semen. T-cannulas were surgically fitted at the distal ileum (Wubben et
al., 2001) for 10 barrows at the South Dakota State University Swine Research Unit
surgery room. They were housed in individual metabolism crates (0.6 x 1.4 m), equipped
with a nipple drinker for ad libitum access to water and a hanging feeder at the South
Dakota State University Animal Science Complex. The temperature of the room was set
at 25 °C.
The experiment was conducted as a Latin-Square design with 4 diets and 4
collection periods. The experimental diets consisted of 3 corn-based diets where each
corn source was included as the sole source of protein; the other diet was a cornstarchbased nitrogen-free diet to estimate endogenous AA losses for calculation of standardized
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ileal AA digestibility. Pigs were fed diets at three times maintenance energy requirement
(3 × 197 kcal of metabolizable energy/kg of BW0.60) according to NRC (2012) in two
equal meals daily. Each collection period consisted of a 6-day acclimation period and 1
day of ileal digesta collection (12h/day). Titanium dioxide was included in the diet at
0.3% as an indigestible marker for determination of CP and AA digestibility. Formic acid
(10%) at 5 mL/bag was added to inhibit microbial fermentation during collections.
Sample Collection and Analysis
Ileal digesta was collected and bagged by individual pig, marked with their
identification and treatment group, and stored in -20 °C immediately following
collections. Ileal digesta samples were stored away from light and freeze-dried in the
Dura-Dry™ MP Microprocessor Control Corrosion Resistant Freeze Dryer (FTS
Systems). Freeze-dried ileal digesta was ground using the centrifuge grinder and 0.75 mm
screen (Retsch Zm 200 Centrifugal Grinding Mill, Retsch Lab Equipment) prior to
analysis. Ileal digesta samples were stored at room temperature after freeze-drying and
grinding.
Additionally, ground samples of ileal digesta, corn sources, and diets were sent to
the University of Missouri (Columbia, MO) for analysis of total AA’s (AOAC Official
Method 982.30). Diets and fecal samples were analyzed for dry matter (method 930.15)
also by AOAC (2005). Crude protein of the treatment diets and ileal digesta was found
using an elementar for nitrogen and protein analysis (Rapid MAX N exceed, Quantum
Analytics, Oakridge, Texas, USA). The digestibility values were calculated according to
the methods used by Stein et al., (2007). ADF of the corn sources was determined by
using the protocol from Ankom Technology (Technology, 2006)

30

For analysis of titanium concentration, 0.5 g of ileal sample and 5 g of feed
sample were used. Ashing of samples occurred in the Isotemp™ Programmable Muffle
Furnace by Fischer Scientific at 525°C for 10 hours, rising 5 °C per minute. Feed samples
were sub-sampled into 0.04 g of ash in duplicates. Ash residue was acid digested with 0.8
g anhydrous sodium sulfate and 5 ml concentrated sulfuric acid for 24.5 hours at 120 °C
(Fischer Chemical, 5421-1; UN1830). Samples were diluted to 100 ml with double
distilled water, inverted 11 times, and filtered using Whatman No. 41 filter paper. For the
color reaction, 5 ml of the filtered sample was mixed with 0.2 ml of 30% hydrogen
peroxide (Fischer Chemical, H325-500). Standards were used at concentrations of 0,
0.06, 0.12, 0.18, 0.24, and 0.3 mg/ml titanium dioxide and plates were read at least 15
minutes after the addition of hydrogen peroxide at 408 nm using the Molecular Devices
SpectraMAX 190.

Statistical Analysis
The UNIVARIATE procedure of SAS was used to confirm the homogeneity of
variance and to analyze for outliers with Shapiro – Wilks test for normality. Data were
analyzed using the MIXED procedure of SAS (Version 9.3, SAS Inst. Inc., Cary, NC).
The fixed effect of the diet (n=4) and the block effect of the group (n=4) were included in
the main model. Tukey’s adjustment for means separation was used to determine if the
main effect of treatment was significant. Differences were considered significant when
the P-value was ≤ 0.05 and a tendency for significance when the P-value was ≤ 0.10.
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Experiment 2. Energy digestibility and determination
Experimental Design, Diets, and Animal Housing
Determination of gross energy (GE), digestible energy (DE), metabolizable
energy (ME), and net energy (NE) was conducted utilizing 12 barrows (23.66 ± 2.55 kg
BW), offspring of PIC 1050 sows x Duroc composite semen. They were housed in
individual metabolism crates (0.6 x 1.4 m) equipped with a nipple drinker for ad libitum
access to water and a hanging feeder at the South Dakota State University Animal
Science Complex. The room temperature was set at 25 °C. The experimental diets
consisted of 3 ‘corn’ diets where each corn source is included as the sole source of
energy. Ferric oxide was used as the marker for the start and end of total fecal and urine
collections. Pigs were randomly allocated to a different diet in each period such that all
pigs will receive 2 out of the 3 corn sources. Daily feed allocation was based on
individual pig body weight at the beginning of each period to achieve three times
maintenance energy requirement (3 × 197 kcal of metabolizable energy/kg of BW0.60)
twice a day in two equal meals (NRC, 2012).

Sample Collection and Analysis

Corn sources and experimental diets were analyzed for gross energy. Energy
determination was discovered by utilizing 2 collection periods and 7 days of adaptation to
the treatment diets, where fecal matter and urine was then collected for 4 days (day 8, 9,
10, 11) using trays and screens attached to the bottom of the metabolism crates. This
process was then repeated with pigs receiving a different treatment diet where 7 days of
adaption was given before urine and fecal matter collection occurred on day 19, 20, 21,
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and 22. Once each collection period ended, each individual pig’s urine was pooled within
collection period, where a 10% subsample was taken from each of the 4-day collection
period. Feces were collected and dried utilizing the drying oven (Despatch LHD 2-14-1
Laboratory Oven, Minneapolis, Minnesota, USA) at 65 °C for 4 days. Urine samples
were stored away from light and freeze-dried in the Dura-Dry™ MP Microprocessor
Control Corrosion Resistant Freeze Dryer by FTS Systems.
Oven-dried fecal matter was ground down using the centrifuge grinder and a 0.75
mm screen (Retsch Zm 200 Centrifugal Grinding Mill, Retsch Lab Equipment) for gross
energy determination. Fecal samples were stored in a fridge at 4 °C after drying and
grinding. Energy content (gross energy) of fecal matter and urine was obtained using
bomb calorimetry (Parr 6400 calorimeter, Parr Instruments Co., Moline, IL). Urine
collected was prepared and analyzed for gross energy determination using the method by
Kim et al. (2009). Digestible energy, metabolizable energy were calculated with
calculations listed below recommended by Adeola (Adeola, 2001) and net energy was
calculated with the calculation listed below recommended by NRC (NRC, 2012):
𝐷𝐸 = 100 x

𝑀𝐸 = 100 x

GEintake − GEoutput
GEintake

GEintake − GEoutput − GEurine
GEintake

NE = (0.726 x ME) + (1.33 x EE) + (0.39 x Starch) – (0.62 x CP) – (0.83 x ADF)
Statistical Analysis
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The UNIVARIATE procedure of SAS was used to confirm the homogeneity of
variance and to analyze for outliers with Shapiro – Wilks test for normality. Data were
analyzed using the MIXED procedure of SAS (Version 9.3, SAS Inst. Inc., Cary, NC).
The fixed effect of the diet and the block effect of the group were included in the model.
Tukey’s adjusted means test was used to detect differences where P ≤ 0.05 is considered
significant. A contrast test was used to compare the digestibility of nutrients and available
energy for the test ingredients.
Study 2: Effect of corn source on late nursery pig performance.
Experimental Design, Diets, and Animal Housing
Ninety-six nursery pigs (9 ± 6.27 kg), offspring of PIC 1050 sows x Duroc
composite semen, were used in a 28-day growth performance trial at the South Dakota
State University Animal Science Department. Pigs were allotted to pens based on gender
and initial weight. There were 3 experimental diets differing only by the source of corn.
The pigs were housed in pens (1 x 1.5 m) with cup waterers and 40” tall SDI feeders
(SDI Feeders, Alexandria, SD, USA) with room temperature set at 23 °C. There were 4
pigs per pen and 8 replicate pens per treatment in a completely randomized design.
Diets were formulated to meet the needs of late nursery pigs (NRC, 2012) and
made at the Northern Crops Institute in Fargo, North Dakota, then trucked to South
Dakota State University. Feed and water were offered ad libitum via feeders and cup
drinkers, and pig weight and feed disappearance were measured weekly (day 7, 14, 21,
25). Growth performance results were divided by weeks as listed: Week 1 (d0-7), Week 2
(d7-14), Week 3 (d14-21), Week 4 (d21-25), and overall (d0-25). Bodyweight (BW),
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average daily gain (ADG), average daily feed intake (ADFI), and gain: feed (G: F) were
calculated weekly and overall, for the 28-day trial. Representative feed samples were
obtained from each of the dietary treatments and sent in for proximate analysis and total
lysine content. Particle size of each corn source was determined at the Northern Crops
Institute in Fargo, North Dakota during milling.
Statistical Analysis
The UNIVARIATE procedure of SAS was used to confirm the homogeneity of
variance and to analyze for outliers with Shapiro – Wilks test for normality. Data were
analyzed using the MIXED procedure of SAS (Version 9.3, SAS Inst. Inc., Cary, NC). A
completely randomized block design was used with the pig as the experimental unit.
Tukey’s adjustment for means separation was used to determine if the main effect of
treatment was significant. Differences were considered significant when the P-value was
≤ 0.05 and a tendency for significance when the P-value was ≤ 0.10.
3.4 Results
Ileal Digestibility
There were no differences in AID or SID of AA or crude protein from digesta
collected from U.S., Brazil, or Argentina corn-fed nursery pigs.
Energy Determination
GE of the diets of each country corn source was measured to find the DE, ME,
and NE values. GE of the diets were not different (P = 0.445) at 3,828, 3,824, and 3,822
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kcal/kg for U.S., ARG, and BRZ, respectively. In terms of DE, there was no differences
detected between corn sources (P = 0.282). Additionally, no differences were found
between ME values (P = 0.466). NE values would also show no significant differences (P
= 0.367) Overall, there were no differences in energy levels comparing diets U.S., ARG,
or BRZ corn or energy utilization in nursery pigs fed these diets.
Growth Performance
The growth performance trial was intended to be ran for 28 days, but due to a
shortage of experimental diets assessment of growth performance ended on day 25. In
Week 1, U.S. fed nursery pigs tended to have a higher ADG compared to BRZ and ARG
(P = 0.091) and a tendency for a greater G: F ratio (P = 0.093). There were no significant
differences between ADG, ADFI, and G: F ratio of U.S., BRZ, and ARG-fed nursery pigs
in weeks 2, 3, and 4. Overall, there was no detectable differences between ADG and
ADFI between U.S., BRZ, and ARG fed nursery pigs. Although, there was a tendency for
U.S. fed nursery pigs to maintain the highest efficiency with a greater G: F ratio
throughout the 28-day feeding period, followed by ARG and lastly BRZ (P = 0.062).
3.5 Discussion
The objective of this experiment was to determine the effects of feeding nursery
pig diets containing different corn sources from U.S., Brazil, and Argentina. Growth
performance, digestibility of AA and energy provided by each corn source was compared
and analyzed in three separate trials. Furthermore, it was of interest to determine the
value of pursuing a greater campaign to the world in terms of exporting greater volumes
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of U.S. corn to other prominent agriculture countries if U.S corn performed better than
corn located in South American countries (Martinez and Fernandez, 2019).
The corn sources were analyzed twice by two different testing centers when they
arrived in the United States before the trials began. The analyses completed at North
Dakota Grain Inspection Service reported similar protein % (U.S.; 8.4, ARG; 8.7, BRZ;
8.2), lipid % (U.S.; 4.2, ARG; 4.6, BRZ; 4.6), and starch % (U.S.; 73.1, ARG; 73, BRZ;
73.4) between the corn sources. Further testing also determined that the U.S. corn was the
poorest quality grain possible (sample grade) compared to ARG receiving a #1 grade and
BRZ a #2 grade, which are the two best grades possible. The U.S. corn contained over
8% broken corn and foreign material (BCFM), nearly 7% higher than South American
corn sources. Corn analysis from Dairyland Labs also showed similar protein % (U.S.;
8.3, ARG; 8.6, BRZ; 8.3) and lipid % (U.S.; 3.7, ARG; 3.9, BRZ; 4.6). Starch % would
vary slightly compared to the first test (U.S.; 72, ARG; 70.9, BRZ; 70.1), which may
explain the slightly higher energy levels reported in U.S. corn compared to South
American corn sources.
The source of corn and its quality had no impact on nursery pig growth or
performance in terms of ADG and ADFI. However, nursery pigs fed U.S. corn in their
first week on feed tended to be slightly more efficient in terms of G: F ratio compared to
pigs fed corn from Brazil or Argentina. Overall, U.S. pigs would tend to maintain greater
feeding efficiency through the 28-day feeding period, followed by Argentina, and Brazil.
Corn source did not impact nutrient digestibility. Corn is one of the most digestible and
efficient grains in terms of digestibility and nutrient utilization in the world (Muley et al.,
2007; Rodriguez et al., 2020).
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Additionally, Week 1 G: F ratios were greater than 1, indicating that more weight
was gained by the pig than consumed in feed. This could be caused by wasted feed that
was pushed into the pit that was not accounted for in feed disappearance, an error with
the improper weights by the scale, or pigs overcompensating on water intake following
the stress of weaning.
Determining the amount of GE that each corn source could provide to nursery
pigs and how they utilized that energy was the final portion of the trial. The GE (kcal/kg)
of each corn source diet was found to be nearly identical. DE values would reflect the GE
values of the diets as expected, where no differences were seen between the treatment
groups. ME and NE values would continue to follow the trend of where the source of
corn had no effect on the energy available to the nursery pigs in each corn source
treatment. The U.S. corn was of lower grade based on the higher BCFM % and lower
starch content from testing from the North Dakota Grain Inspection Services. Though the
U.S. grain would perform equally to corn sources of the higher quality from South
America. This could suggest that the lack of difference between corn sources (besides
BCFM %) implies that U.S. corn has an overall greater nutritional value when
considering corn of equivalent grade.
The objectives of the experiment were met, and the effects of feeding U.S., Brazil,
and Argentina corn were quantified. Overall, different corn sources didn’t perform any
differently from U.S. corn compared to South American corn. Based on this study, U.S.
corn may prove to be more efficient in terms of a greater G: F ratio in nursery-aged pigs
compared to South American corn-fed pigs.
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Table 3.1 Composition of growing nursery pig diets for determination of energy
value1.
Ingredient, kg
Corn, NRC 2012

BRZ

ARG

U.S.

87.97

131.96

131.96

Limestone

0.95

1.43

1.43

Salt

0.19

0.29

0.29

Monocalcium phosphate

1.41

2.11

2.11

Grower Vitamin Premix3

0.05

0.07

0.07

Mineral pmx4

0.14

0.20

0.20

90.70

136.05

136.05

Total (kg)
1Experimental

diets were fed as follows: a primarily corn diet composed of Argentina
sourced corn (ARG), a primarily corn diet composed of Brazil sourced corn (BRZ), and a
primarily corn diet composed of United States sourced corn (U.S). Diets were formulated
and fed individually to designated nursery pigs at three times their maintenance energy
requirements (3 × 197 kcal of metabolizable energy/kg of BW0.60) as NRC (2012)
recommended, twice a day.
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Table 3.2 Composition of growing nursery pig diets to determine ileal digestibility1.
Ingredient, kg

CORN-AA

N-FREE

Cornstarch
1.74
37.02
Solka floc
0.00
4.25
Sucrose/sugar
1.70
37.40
Corn
76.50
0.00
Soya Oil
1.70
1.70
Potassium carbonate
0.00
0.595
Limestone
0.935
0.595
Salt
0.553
0.553
Monocalcium phosphate
1.445
2.465
Grower Vitamin Premix
0.043
0.043
Mineral pmx
0.128
0.128
Titanium dioxide
0.255
0.255
Total
85.00
85.00
1
Experimental diets were fed as follows: a primarily corn diet composed of Argentina
sourced corn (ARG), a primarily corn diet composed of Brazil sourced corn (BRZ), a
primarily corn diet composed of United States sourced corn (U.S), and a diet composed
of mostly cornstarch and sugar (N-FREE/ Nitrogen free). Diets were formulated and fed
individually to designated nursery pigs at three times their maintenance energy
requirements (3 × 197 kcal of metabolizable energy/kg of BW0.60) as NRC (2012)
recommended, twice a day.
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Table 3.3 Composition of diets for the growth performance trial fed to growing
nursery pigs1.
Ingredient, %

ARG

BRZ

U.S.

Corn
64.85
64.85
64.85
Soybean Meal, 47.5%
28.35
28.35
28.35
Fat
3.00
3.00
3.00
Limestone
0.75
0.75
0.75
Monocalcium Phosphate
0.8
0.8
0.8
Salt
0.6
0.6
0.6
DL-Methionine
0.205
0.205
0.205
Zinc Oxide
0.25
0.25
0.25
L-Lysine
0.55
0.55
0.55
L-Threonine
0.23
0.23
0.23
2
Vitamin premix
0.05
0.05
0.05
3
Mineral premix
0.15
0.15
0.15
Total
100
100
100
1Diets were formulated to meet the nutritional requirements recommended by NRC
(2012) and fed ab-lib for the entire duration of the trial (d0-28).
2Vitamin premix was formulated to contain the following: 22,045,855 KIU/kg vitamin A,
3,306,878 KIU/kg vitamin D3, 110,229 IU/kg vitamin E, 88.2 mg/kg vitamin B12, 341.8
mg/kg biotin, 2,205 mg/kg folic acid, 110,229 mg/kg niacin, 121,252 mg/kg Dpantothenic acid, 19,842 mg/kg riboflavin, 6,614 mg/kg thiamine, 6,614 mg/kg vitamin
B6, and 8,818 mg/kg menadione.
3Mineral premix was formulated to contain the following: 1.10% copper, 2.94%
manganese, 11% zinc, and 200 ppm selenium.
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Table 3.4 Corn analysis and particle size from the North Dakota Grain Inspection
Service and testing from Dairyland Labs.

Origin

Test
Weight

Grade

Moisture
% (as-is)

BCFM %

Protein %
(as-is)

Lipid %
(as-is)

Starch %
(as- is)

North Dakota Grain Inspection Service

Argentina

#1

58.0

13.7

1.3

8.7

4.6

73.0

Brazil

#2

58.5

13.1

2.2

8.2

4.6

73.4

U.S. Import

Sample

58.1

13.2

8.2

8.4

4.2

73.1

Dairyland Labs
Argentina

12.8

8.6

3.9

70.9

Brazil

12.0

8.3

3.7

70.1

U.S. Import

13.0

8.3

3.7

72.0

Origin

Particle size,
µ

Argentina

685

Brazil

512

U.S. Import

587
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Table 3.5 Body weights of growing nursery pigs on the growth performance trial on
day 0, 7, 14, 21, 251.
Body weight, kg

ARG

BRZ

U.S.

SEM

P-value

D0

8.8

8.79

8.78

0.64

0.999

D 71

13.73b

13.83ab

14.33a

0.20

0.094

D 14

18.81

19.26

19.63

0.04

0.407

D 21

23.73

23.47

24.12

0.39

0.514

D 25

26.85

26.95

27.52

0.49

0.591

1Experimental

diets were fed as follows: a corn-soybean meal diet composed of
Argentina sourced corn (ARG), a corn-soybean meal diet composed of Brazil sourced
corn (BRZ), and a corn-soybean meal diet composed of United States sourced corn (U.S).
Nursery pigs were fed ab-libitum. The nursery diets were identically formulated (other
than different corn sources) to meet the requirement of nursery pigs as recommended by
NRC (2012).
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1
0.8

0.7

a
b 0.72ab 0.79

0.69 0.69 0.66

kg/d

0.6

b

a
ab0.55

0.47 0.49

0.4
0.2
0

ADG

ARG

ADFI

BRZ

G:F

U.S.

FIGURE 3.1 Average daily gain (ADG, kg/d) (SEM = 0.03; P = 0.091), average daily
feed intake (ADFI, kg/d) (SEM = 0.02; P = 0.533), and G: F (gain: feed ratio) (SEM =
0.03; P = 0.093) for growing nursery pigs in each country treatment (day 0-7)1.
1Experimental

diets were fed as follows: a corn-soybean meal diet composed of
Argentina sourced corn (ARG), a corn-soybean meal diet composed of Brazil sourced
corn (BRZ), and a corn-soybean meal diet composed of United States sourced corn (U.S).
Nursery pigs were fed ab-libitum from d0-7.
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1.2
1

kg/d

0.8

b

0.73

ab

0.94 0.97 0.94
a

0.78 0.76

0.6
0.35 0.37 0.36

0.4
0.2
0

ADG

ARG

ADFI

BRZ

G:F

U.S.

FIGURE 3.2 Average daily gain (ADG, kg/d) (SEM = 0.03; P = 0.091), average daily
feed intake (ADFI, kg/d) (SEM = 0.03; P = 0.689), and G: F (gain: feed ratio) (SEM =
0.03; P = 0.882) for growing nursery pigs in each country treatment (day 7-14)1.
1Experimental

diets were fed as follows: a corn-soybean meal diet composed of
Argentina sourced corn (ARG), a corn-soybean meal diet composed of Brazil sourced
corn (BRZ), and a corn-soybean meal diet composed of United States sourced corn (U.S).
Nursery pigs were fed ab-libitum from d7-14.

kg/d
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1.2
1
0.8
0.6
0.4
0.2
0

1.08 1.08 1.11

0.7

0.6 0.64
0.3 0.25 0.26

ADG

ARG

ADFI

BRZ

G:F

U.S.

FIGURE 3.3 Average daily gain (ADG, kg/d) (SEM = 0.07; P = 0.567), average daily
feed intake (ADFI, kg/d) (SEM = 0.04; P = 0.800), and G: F (gain: feed ratio) (SEM =
0.03; P = 0.496) for growing nursery pigs in each country treatment (day 14-21)1.
1Experimental

diets were fed as follows: a corn-soybean meal diet composed of
Argentina sourced corn (ARG), a corn-soybean meal diet composed of Brazil sourced
corn (BRZ), and a corn-soybean meal diet composed of United States sourced corn (U.S).
Nursery pigs were fed ab-libitum from d14-21.
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1.5

kg/d

1

1.3 1.32 1.31

0.78

0.87 0.85

0.5

0.27 0.29 0.3

0

ADG

ARG

ADFI

BRZ

G:F

U.S.

FIGURE 3.4 Average daily gain (ADG, kg/d) (SEM = 0.09; P = 0.762), average daily
feed intake (ADFI, kg/d) (SEM = 0.04; P = 0.862), and G: F (gain: feed ratio) (SEM =
0.03; P = 0.727) for growing nursery pigs in each country treatment (day 21-25)1.
1Experimental

diets were fed as follows: a corn-soybean meal diet composed of
Argentina sourced corn (ARG), a corn-soybean meal diet composed of Brazil sourced
corn (BRZ), and a corn-soybean meal diet composed of United States sourced corn (U.S).
Nursery pigs were fed ab-libitum from d21-25.
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1.2
0.97 0.98 0.97

1

kg/d

0.8

0.72 0.73 0.75

0.6
ab

0.4

b

0.2
0

ADG

ARG

ADFI

BRZ

G:F

U.S.

FIGURE 3.5 Average daily gain (ADG, kg/d) (SEM = 0.20; P = 0.589), average daily
feed intake (ADFI, kg/d) (SEM = 0.02; P = 0.910), and G: F (gain: feed ratio) (SEM =
0.004; P = 0.062) for growing nursery pigs in each country treatment (day 0-25)1.
1Experimental

a

0.34 0.34 0.35

diets were fed as follows: a corn-soybean meal diet composed of
Argentina sourced corn (ARG), a corn-soybean meal diet composed of Brazil sourced
corn (BRZ), and a corn-soybean meal diet composed of United States sourced corn (U.S).
Nursery pigs were fed ab-libitum from d0-25.
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GE, DE, ME, and NE (kcal/kg)
4,500
4,000

3,824 3,822 3,828
3,389 3,360 3,421

3,500

3,296 3,239 3,297

3,000

2,636 2,592 2,643

2,500
2,000
1,500
1,000
500
0

GE

DE

ARG

ME

BRZ

NE

U.S.

FIGURE 3.6 Energy determination of GE of the experimental diets (gross energy), DE
(digestible energy), ME (metabolizable energy), and NE (net energy) for growing nursery
pigs (day 0-22)1.
1Experimental

diets were fed as follows: a corn-soybean meal diet composed of
Argentina sourced corn (ARG), a corn-soybean meal diet composed of Brazil sourced
corn (BRZ), and a corn-soybean meal diet composed of United States sourced corn (U.S).
Nursery pigs were fed individually at three times maintenance energy requirement (3 ×
197 kcal of metabolizable energy/kg of BW0.60) as NRC (2012) recommended twice a
day from d0-22. DE (SEM = 23.92; P = 0.282), ME (SEM = 37.21; P = 0.466), and NE
(SEM = 27.02; P = 0.367).
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Table 3.6 Chemical analysis of the growth performance trial diets from 3 corn
sources fed to growing nursery pigs1.
Experimental Diets
Analysis

BRZ

ARG

U.S.

Crude Protein (%)

18.45

18.57

17.99

Crude Fat (%)

5.85

5.62

5.81

Crude Fiber (%)

2.24

2.22

2.26

Ash (%)

4.70

5.09

4.77

Moisture (%)

10.98

11.48

10.57

Taurine § (%)

0.23

0.22

0.23

Hydroxyproline (%)

0.05

0.03

0.03

Aspartic Acid (%)

1.64

1.87

1.70

Threonine (%)

0.89

0.90

0.84

Serine (%)

0.70

0.78

0.70

Glutamic Acid (%)

2.99

3.39

3.02

Proline (%)

1.02

1.09

0.99

Lanthionine § (%)

0.02

0.02

0.02

Glycine (%)

0.69

0.77

0.70

Alanine (%)

0.84

0.93

0.85

Cysteine (%)

0.27

0.30

0.29

Valine (%)

0.91

1.00

0.99

Methionine (%)

0.74

0.63

0.41

Isoleucine (%)

0.76

0.86

0.77

Leucine (%)

1.44

1.63

1.46

Tyrosine (%)

0.58

0.65

0.59

Phenylalanine (%)

0.84

0.96

0.85

Hydroxylysine (%)

0.00

0.00

0.00

Ornithine § (%)

0.01

0.03

0.02

Lysine (%)

1.50

1.38

1.54

Histidine (%)

0.45

0.50

0.45

Arginine (%)

1.05

1.18

1.07

Tryptophan (%)

0.22

0.21

0.21

Total AA (%)

17.85

19.33

17.73

1Experimental

diets consisted of the following: a corn-soybean meal diet composed of
Argentina sourced corn (ARG), a corn-soybean meal diet composed of Brazil sourced
corn (BRZ), and a corn-soybean meal diet composed of United States sourced corn (U.S).
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Table 3.7 Standardized ileal digestibility of amino acids from 3 corn sources fed to
growing nursery pigs1.
%

U.S.

BRZ

ARG

SEM

P-value

Asparagine

91.73

90.71

89.61

0.880

0.244

Threonine

89.93

88.82

87.94

0.750

0.223

Serine

94.63

94.20

92.87

0.560

0.118

Glutamine

97.14

96.52

95.84

0.530

0.221

Proline

49.78

48.88

52.40

7.470

0.841

Glycine

73.10

72.33

69.09

4.120

0.385

Alanine

93.86

93.54

92.02

1.020

0.283

Cysteine

94.79

93.61

93.50

0.560

0.223

Valine

93.19

92.61

91.55

0.620

0.199

Methionine

96.39

95.81

95.28

0.610

0.412

Isoleucine

93.97

93.32

92.48

0.700

0.300

Leucine

97.36

96.79

96.33

0.480

0.284

Phenylalanine

96.23

95.77

95.06

0.560

0.310

Lysine

84.98

84.37

80.93

1.780

0.159

Histidine

95.79

94.74

94.38

0.600

0.193

Arginine

91.87

92.42

90.15

1.970

0.435

Tyrosine

94.12

93.78

92.78

0.670

0.340

Tryptophan

90.51

89.45

88.49

0.810

0.275

Met + Cys

95.59

94.71

94.40

0.560

0.303

Crude Protein

88.16

87.78

85.84

1.620

0.258

1Experimental

diets were fed as follows: a primarily corn diet composed of Argentina
sourced corn (ARG), a primarily corn diet composed of Brazil sourced corn (BRZ), a
primarily corn diet composed of United States sourced corn (U.S), and a diet composed
of mostly cornstarch and sugar (N-FREE/ Nitrogen free). Diets were formulated
identically (besides different corn sources) and fed individually to designated nursery
pigs at three times their maintenance energy requirements (3 × 197 kcal of metabolizable
energy/kg of BW0.60) as NRC (2012) recommended, twice a day.
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Table 3.8 Apparent ileal digestibility of amino acids from 3 corn sources fed to
growing nursery pigs1.
%

U.S.

BRZ

ARG

SEM

P-value

Asparagine

88.67

87.76

86.85

0.770

0.241

Threonine

86.82

85.73

85.04

0.710

0.235

Serine

90.87

90.36

89.45

0.500

0.157

Glutamine

94.21

93.71

93.22

0.430

0.226

Proline

43.03

41.38

44.86

6.640

0.821

Glycine

67.82

66.97

63.95

3.830

0.381

Alanine

90.51

90.26

89.04

0.880

0.311

Cysteine

92.23

91.24

91.17

0.480

0.222

Valine

90.26

89.67

88.84

0.580

0.223

Methionine

94.31

93.89

93.45

0.490

0.381

Isoleucine

91.25

90.65

89.97

0.620

0.297

Leucine

94.79

94.33

93.99

0.390

0.285

Phenylalanine

93.58

93.16

92.63

0.470

0.304

Lysine

81.82

81.11

78.06

1.660

0.153

Histidine

92.93

92.08

91.81

0.510

0.201

Arginine

87.09

87.49

85.48

1.710

0.437

Tyrosine

91.23

90.86

90.09

0.590

0.358

Tryptophan

86.68

85.66

84.89

0.710

0.254

Met + Cys

93.27

92.57

92.31

0.470

0.289

Crude Protein

84.00

83.60

81.95

1.450

0.278

1Experimental

diets were fed as follows: a primarily corn diet composed of Argentina
sourced corn (ARG), a primarily corn diet composed of Brazil sourced corn (BRZ), a
primarily corn diet composed of United States sourced corn (U.S), and a diet composed
of mostly cornstarch and sugar (N-FREE/ Nitrogen free). Diets were formulated
identically (besides different corn sources) and fed individually to designated nursery
pigs at three times their maintenance energy requirements (3 × 197 kcal of metabolizable
energy/kg of BW0.60) as NRC (2012) recommended, twice a day.
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Table 3.9 Chemical analysis of the experimental diets and feedstuffs from 3 corn
sources fed to growing nursery pigs1.
Experimental Diets
Analysis

Feedstuffs

BRZ

ARG

U.S.

BRZ

ARG

U.S.

Crude Protein (%)

7.24

7.35

7.16

7.29

7.51

7.25

Crude Fat (%)

3.91

3.05

3.34

3.37

3.53

3.29

Crude Fiber (%)

1.58

1.51

1.42

1.77

1.84

1.67

Ash (%)

4.02

3.95

4.06

1.21

1.23

1.30

Moisture (%)

9.75

10.10

10.26

10.74

11.12

11.30

Taurine § (%)

0.22

0.22

0.27

0.16

0.15

0.21

Hydroxyproline (%)

0.02

0.02

0.07

0.05

0.03

0.09

Aspartic Acid (%)

0.45

0.46

0.47

0.49

0.50

0.51

Threonine (%)

0.24

0.25

0.25

0.27

0.27

0.27

Serine (%)

0.29

0.30

0.29

0.34

0.35

0.34

Glutamic Acid (%)

1.18

1.27

1.17

1.37

1.42

1.33

Proline (%)

0.62

0.61

0.60

0.68

0.65

0.65

Lanthionine § (%)

0.01

0.01

0.01

0.00

0.00

0.00

Glycine (%)

0.28

0.28

0.28

0.31

0.31

0.31

Alanine (%)

0.49

0.51

0.50

0.54

0.55

0.54

Cysteine (%)

0.15

0.16

0.16

0.17

0.18

0.18

Valine (%)

0.34

0.34

0.33

0.37

0.37

0.36

Methionine (%)

0.14

0.13

0.14

0.16

0.15

0.16

Isoleucine (%)

0.25

0.27

0.27

0.28

0.29

0.30

Leucine (%)

0.77

0.84

0.80

0.86

0.89

0.87

Phenylalanine (%)

0.33

0.36

0.36

0.35

0.38

0.38

Ornithine § (%)

0.01

0.01

0.01

0.01

0.01

0.01

Lysine (%)

0.24

0.24

0.26

0.26

0.27

0.29

Histidine (%)

0.21

0.21

0.19

0.23

0.23

0.21

Arginine (%)

0.33

0.30

0.34

0.35

0.34

0.37

Tryptophan (%)

0.05

0.04

0.04

0.05

0.04

0.04

Total AA (%)
6.81
7.01
7.06
7.51
7.59
7.72
treatments consisted of the following: a corn-soybean meal diet composed of
Argentina sourced corn (ARG), a corn-soybean meal diet composed of Brazil sourced
corn (BRZ), and a corn-soybean meal diet composed of United States sourced corn (U.S).
1Dietary
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Table 3.10 Energy determination values for ARG, BRZ, and U.S. corn fed to
growing nursery pigs1.

Items

ARG

BRZ

Gross Energy (GE) of
diets, kcal/kg

3,823.50

3,822.29

3,827.62

Feed intake, kg/d

1.02

0.95

1.00

0.04

0.452

GE intake, kcal/d

3,887.01

3,646.51

3,827.64

136.35

0.445

Feces output, g/d

266.97

209.41

213.00

16.65

0.041

GE in feces, kcal/d
Digestibility of GE,
%
DE, kcal/kg

4,554.74

4,604.62

4,539.59

52.48

0.662

88.62

87.92

89.37

0.63

0.282

3,388.39

3,360.41

3,420.70

23.92

0.228

Urine output, g/d

1,767.84

1,836.50

2,311.38

427.65

0.626

43.59

61.55

52.72

6.91

0.213

86.23

84.76

86.15

0.97

0.499

ME, kcal/kg

3,296.84

3,239.70

3,297.42

37.21

0.466

NE, kcal/kg

2,636.38

2,592.32

2,643.62

27.02

0.367

GE in urine, kcal/g
Metabolizable of GE,
%

1Experimental

U.S.

SEM

P-value

diets were fed as follows: a corn-soybean meal diet composed of
Argentina sourced corn (ARG), a corn-soybean meal diet composed of Brazil sourced
corn (BRZ), and a corn-soybean meal diet composed of United States sourced corn (U.S).
Nursery pigs were fed individually at three times maintenance energy requirement (3 ×
197 kcal of metabolizable energy/kg of BW0.60) as NRC (2012) recommended twice a
day from d0-22.
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4.0 IMPACT OF FEEDING A SUPER-DOSE OF PHYTASE WITH OR
WITHOUT BETAINE ON BOAR SEMEN CHARACTERISTICS DURING HEAT
STRESS
4.1 Abstract
An experiment was conducted to determine the effects of AB Vista’s Quantum Blue 5G
phytase and Vistabet 96 betaine in combating heat stress on boars to improve
reproductive performance. Mature duroc-influenced boars of mixed ages (n=96) were
split into three different barns of identical design, with 32 boars per treatment group, fed
a common diet once per day that met or exceeded NRC (2012) requirements. Room
temperature and relative humidity were recorded with LogTags in each barn. Each barn
was designated to one of 3 treatments supplementing boars with a top dress (Control =
ground corn and oil; Phytase = ground corn, oil, and a super dose of phytase; Phytase
+Betaine = ground corn, oil, super dose of phytase + betaine) for the entire 12-week trial.
Overall, there were no detectable differences in semen volume between boars provided
Control, Phytase, or Phytase + Betaine top dresses. In terms of weekly reproductive
performance, semen volume, semen concentration, semen motility, semen morphology,
total sperm, and total normal sperm, there was no significant differences between
Control, Phytase + Betaine, or Phytase treatments. Hand count morphology was also not
different between Control, Phytase, or Phytase + Betaine treated boars. Inositol levels
were not different in Phytase, Phytase + Betaine, or Control boars at Week 1 (baseline),
Week 6, or Week 12. Temperature (°C) and relative humidity (RH%) over the 12-week
period were Control (20.83; SD: -15.08 °C, 89.24; SD: 5.07%), Phytase (20.96; SD = 14.72 °C, 85.93; SD = 5.22%), and Phytase + Betaine (21.60; SD = -15.47 °C, 86.74; SD
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= 4.73%). Overall, boars treated with Quantum Blue 5G phytase and Quantum Blue 5G
phytase + Vistabet 96 betaine showed no differences in terms of reproductive
performance compared to boars that were fed the Control top dress composed of only
ground corn and oil.
4.2 Introduction
Heat stress is one of the swine industry’s most detrimental issues that continues to
leave an economic burden on its producers. The swine industry loses well over $300
million a year due to this environmental stressor in all stages of commercial swine
production (St-Pierre et al., 2003). This economic deficit is a result of the poor
performance that follows heat stress. Specifically, in boars, reproductive performance is
greatly hampered by high temperatures and high humidity and can be negatively affected
long after the heat stress ends (McNitt and First, 1970; Wettemann et al., 1976;
Wettemann et al., 1979).
Specialty feed additives such as betaine and phytase have shown promise in
improving reproductive efficiency in boars. Betaine has been added as an osmolyte and
antioxidant into boar diets to improve reproductive performance (Stewart et al., 2018).
Betaine is known to be an osmoprotectant during many different stressors (Lipiński et al.,
2012; Cabezón et al., 2016b). Phytase is an enzyme responsible for breaking down
phytate in the body. Phytase also plays a role in increasing mineral utilization for
minerals such as Zn, Mg, Cu, Ca, and P (Lei et al., 1993; Adeola et al., 1995; Walk et al.,
2013; Walk et al., 2015), decreasing AA degradation, and increasing energy content and
utilization (Onyango et al., 2008; Cowieson et al., 2011). Increasing the efficiency of
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mineral use by increasing levels of phytase in boars could potentially increase semen
quality (Stewart et al., 2018).
The objective of this experiment was to test the effects of AB Vista’s betaine
product Vistabet 96 and phytase product Quantum Blue 5G to determine if these products
could potentially help improve reproductive performance of boars during a period of heat
stress through the summer months in a commerical boar stud located in Northeast
Nebraska.
4.3 Materials and Methods
Study 3: Impact of feeding super-dose phytase with or without betaine on boar
semen characteristics during summer months
Experimental Design, Diets, and Animal Housing
This trial was conducted at Whole Hog A.I. Health Center, a 241 head
commercial boar stud farm in Northeast Nebraska, from June 21st through September
12th, 2021. Ninety-six Duroc-influenced mature boars were used in 3 treatment groups
(n=32). Boars were housed in individual stalls (0.75 m x 2.44 m) with a common trough
on the floor for feed and water in 3 different rooms of similar environments and
locations. Each treatment group was allotted a room that was cooled with cool cells and 2
fans. Room temperatures were set at 20 °C. There were 32 boars per row, and all boars
within the same row received the same dietary treatment. The age and duration of
collection of each boar were established at the start of the trial. All boars were fed 2.492.7 kg of a corn-soybean meal-based diet at a single feeding in the morning each day, and
the respective treatments were top-dressed immediately after feed exposure.
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The following treatments were included as top-dresses, along with a standard diet:
ground corn and oil– Control, ground corn and oil + super-dose of phytase (2500 FTU/kg
phytase) - Phytase, and ground corn and oil + super-dose of phytase (2500 FTU/kg
phytase) + betaine (0.60%) – Phytase + Betaine. Due to the hygroscopic nature of betaine
and its high concentration in the top dress, a top dress that contained both betaine and
phytase was not formulated. The dietary top dress treatments listed above were made at
the South Dakota State University Animal Science Feed Room and taken to the boar
stud’s temperature-controlled vehicle motor pool offsite for 1-week before entering the
boar stud for biosecurity purposes.
The daily top-dressing regiment is as follows:
•

Control (80 g of the control top dress composed of ground corn and oil)

•

Phytase (80 g of phytase top dress)

•

Phytase + Betaine (80 g of phytase top-dress + 80 g betaine top dress)

Sample Analysis
A 200 g sample of each top dress was sent to the AB Vista lab in Plantation,
Florida, and was evaluated for phytase and betaine levels after being manufactured. Also,
samples of the three top dresses were sent to the AB Vista lab on weeks 4, 8, and 12 of
the trial to check for appropriate phytase and betaine levels. Feed supplements were color
coded so that the farm crew remained blinded to treatments. With each new delivery of
boar feed arriving during the trial, a 200 g sample was collected and sent to the AB Vista
lab for proximate nutrients using NIR. All feed samples were sent via UPS.
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Semen was collected from all 96 boars beginning the week of June 21st, 2021, on
the normal collection schedule of the boar stud when the dietary treatments are first
applied. Because the days between collection varied depending on the boar stud’s
customer demand, the days between each collection for each boar were recorded and used
as a covariate when analyzing data. Boars not collected during each week for health,
behavior, or mortality reasons were recorded. Each ejaculate was evaluated for volume
and concentration at the time of collection to calculate the total number of sperm-per
ejaculate. Semen was analyzed using an IVOS II (IMV computer-assisted assessment
system for motility and morphology, IMV technologies, Brooklyn Park, MN, USA). The
concentration of the semen was determined utilizing a 590B Stallion Sperm Counter Kit
(Animal Reproductive Systems, Inc., Ontario, California, USA). Hand-counted
morphology was also analyzed biweekly with the use of an IVOS I (IMV computerassisted assessment system for motility and morphology, IMV technologies, Brooklyn
Park, MN, USA) for the following categories of spermatozoa: normal, proximal, distal,
DMR, bent tails, and detached heads.
A fresh (not extended), 2 mL semen sample from the first collection, the
collection at week 6, and the collection at week 12 from each boar was stored in a -20 °C
upright freezer and shipped to Dr. Kara Stewart at Purdue University via UPS Air one
day shipping for determination of seminal plasma inositol concentration for each boar.
On June 21st, Log Tag temperature and humidity loggers were placed in each room 0.61
meters off the floor to record daily temperature and humidity at boar level every 15
minutes until September 12th. THI (temperature-humidity index) was calculated with the
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following equation utilizing weekly temperature and humidity averages for each room,
where T stands for air temperature (°F) and RH stands for relative humidity (%):
𝑇𝐻𝐼 = 𝑇 − 0.55 (1 − 𝑅𝐻)(𝑇 − 58)
A list was maintained of sick, lame, or off-feed boars. If a boar was removed from the
barn, whether due to culling or mortality, the reason for removal was recorded. If a boar
was removed from the trial for any reason, their weekly reproductive performance up
until their removal date was included in the data analysis. New boars that are placed in
the stalls of trial boars that were removed were not be included in the trial.
Statistical Analysis
The UNIVARIATE procedure of SAS was used to confirm the homogeneity of
variance and to analyze for outliers with Shapiro – Wilks test for normality. Data were
analyzed using the MIXED procedure of SAS (Version 9.4, SAS Inst. Inc., Cary, NC).
for repeated measures with the fixed effects of treatment and week and boars nested
within treatment as a random variable using a compound symmetry covariance structure.
Semen quality estimates from the week prior to supplementing boars was considered a
baseline for that boar and was included as a covariate in the model. Age of the boar was
included as a covariate for total sperm production and days’ rest between collections as a
covariate for semen concentration. THI was also calculated and analyzed as a covariate
across each variable. All variables were evaluated with a full model and terms with P >
0.2 were removed from the model. Tukey’s adjusted means separation test was used
where the main effect of treatment was significant. Differences were considered
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significant when the P-value was ≤ 0.05 and a tendency for significance when the Pvalue was ≤ 0.10.
4.4 Results
Temperature and Humidity
Temperature (°C) and relative humidity (RH %) were tracked in each treatment
room every 15 minutes for the entire 12-week trial and displayed as averages. Control:
20.83 ± 5.07 °C, 89.24 ± 15.08 RH%, Phytase: 20.96 ± 5.22 °C, 85.93 ± 14.72 RH%, and
Phytase + Betaine: 21.60 ± 4.73 °C, 86.74 ± 15.47 RH%. Temperatures were well
controlled for each treatment group below 26-29 °C, which is said the upper thermal
comfort zone of a mature boar. Although relative humidity readings resulted in boars
undergoing chronic heat stress above 80%, stated by Flowers (1997). THI showed
numerical differences, but statistically there were no differences for among any of the
variables. THI data was therefore removed from the statistical model as a covariate.

Inositol
Inositol results can be seen in Figure 4.1 and Table 4.2. Pre-inositol levels were
determined during Week 1 of the trial to serve as a baseline for Week 6 and Week 12.
Week 1 values were Control: 4,175.48, Phytase: 5,324.61, and Phytase + Betaine:
4,333.56 µg/mL. Although Week 6 inositol levels were greater than week 12, inositol
levels showed no differences between among the treatment groups at either time point.
Weekly reproductive performance
Weekly reproductive performance measures of each boar were recorded and
displayed as an average of the 32 boars comprising each treatment group. Overall, there
was no significant difference among the treatments for the reproductive performance
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measures. Age of the boars in days was lower in the Phytase treatment compared to the
Control and Phytase + Betaine (P <0.001) due to the random variation of age of boars in
each barn. Weekly fluctuations in semen production and quality were seen for most all
variables analyzed (semen volume (P <0.001), semen concentration (P <0.001), semen
motility (P <0.001), semen morphology (P <0.001), total sperm (P <0.001), total normal
sperm (P <0.001), and the number of semen doses made weekly (P = 0.004). In general,
as the summer months went on, semen quality went down. There were no interactions of
treatment and week for any variable measured.
Spermatozoa Morphology
200 spermatozoa were counted on Weeks 1, 3, 5, 7, and 9 for each boar,
categorized as percent normal sperm, percent proximal, percent distal, percent DMR,
percent tails, and percent heads and displayed as averages for each treatment group. No
differences were detected in spermatozoa quality among treatments. There were weekly
fluctuations in percent DMR (P <0.001) and percent tails (P <0.001), with no interactions
between treatment and week. Distal droplets were quite variable (ranging from 12.723.7%) resulting in treatment by week interactions with no identifiable trends (P =
0.022).
4.5 Discussion
The objective of this experiment was to determine the effects of feeding AB Vista
products Vistabet 96 (betaine) and Quantum Blue 5G (phytase) to working boars in a
commercial production system in hopes to improve their reproductive performance and
semen quality through the summer months while battling heat stress. It was also of
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interest to determine if the combination of both phytase and betaine fed together could
help improve reproductive performance measures.
Based on pre-inositol levels found in the raw ejaculate compared to Week 6 and
12, it is evident that Phytase alone and Phytase + Betaine in combination had no effect in
combatting heat stress compared to Control boars not treated given the rapid decline in
inositol levels over the 12-week period.
Weekly reproductive performance was not improved by supplementing phytase,
betaine or the combination of the two. Some interactions between the main effects
(treatment and week) were detected without clear trends in the data. This is common
when looking at semen production and quality in boars during summer stress. Large
variations in semen quality and production from week-to-week occur in boars and can be
affected by health, collection technician, and stress. Therefore, this is expected to have
some amounts of significant variation without identifiable trends. The variation seen over
weeks of the study can be explained much the same for volume, concentration, motility,
morphology, total sperm, and total normal sperm. Some boars showed a steady decline
in semen traits as the summer progressed, while others were more tolerant of the heat and
their semen was less impacted, resulting in variation from week-to-week of the study.
The number of doses made per treatment group tended to follow the reproductive
measures previously listed with weekly variation, as doses made is determined by the
concentration and volume of sperm produced (Stewart et al., 2018). Boar age was a
significant covariate for sperm production, which suggests that different maturity levels
may exist within the mature boar population, with older boars producing more total
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sperm. Although, boars reach sexual maturity and optimal semen production at 12
months old, which was shown in the average age of boars for each treatment.
The effects of phytase and betaine supplementation on working boars through
heat stress were also shown in the hand counted spermatozoa of each boar ejaculate.
Categorizing 200 sperm cells display a more in-depth depiction of the spermatozoa by
treatment. These results were consistent with the weekly reproductive performance
measures where no differences were found in terms of improving semen quality.
Interactions between treatment and week that occurred would display increasingly worse
morphology as the summer months and heat stress increased, especially with increasing
numbers of distal sperm droplets in Phytase and Phytase + Betaine treated boars
compared to Control boars.
Due to the properties of phytase and betaine, it was expected that supplementation
of these products would maintain or improve reproductive performance of boars (AlSa'aidi et al., 2009; Alirezaei et al., 2012; Stewart et al., 2018). Even though the weighted
average temperatures of each treatment room over the 12-week period were well below
what is coined heat stress by some (Flowers, 1997), relative humidity levels were greatly
elevated above where negative effects were expected (Flowers, 1997)(McNitt and First,
1970). Based on Flowers (1997), boars in this trial experienced chronic heat stress due to
the extremely high relative humidity above 80% relative humidity. Studies that have
shown benefits of phytase supplementation were conducted in the spring in Ohio (U.S.)
where stress due to heat would not be considered (Stewart et al., 2018). However, when
repeated in a high temperature, low humidity trial, these benefits were not seen (Lugar et
al., 2018). Boars in this trial in Northeast Nebraska would be exposed to temperatures
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much lower than the thermal comfort zone (26-29 °C) discovered by Flowers (1997), yet
relative humidity percentages far surpassed the minimum relative humidity of 50% where
negative effects have been seen. Boars in each treatment group would experience chronic
heat stress with relative humidity above 80%, which can onset just 72 hours after heat
stress occurs (Flowers, 1997)(McNitt and First, 1970)
The objectives of the experiment were met and effects of phytase and betaine on
reproductive performance measures were obtained. Overall, Phytase alone and Phytase +
Betaine treated boars performed similarly to boars that were treated with Control ground corn and oil. Based on this study, temperature was controlled under levels that
have been reported as heat stress, but high relative humidity levels may have
overpowered the body’s ability to maintain performance through unfavorable
environmental conditions.
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Table 4.1 Composition of top-dresses for the heat stress boar trial1.

Ingredients
Ground corn, %

Control
99.0

Phytase
97.27

Betaine
77.97

Quantum Blue 5G, %

0

Vistabet 96, %

0

0

20.83

1.00

1.00

1.00

0

.10

.20

100.00

100.00

Oil, %
Ferric Oxide, %
Total, %

100.00

1.63

0

Phytase, FTU/kg

0

2,500

Betaine, %

0

0

1Top

0
20.00

dresses (80 g/d) were administered directly after a corn-soybean meal diet was
presented.
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Inositol Levels at Baseline, Week 6 and Week
12 (µg/mL)
6000
5325

5093

5000
4175
4000

4334

4464

3819
3526

3512

2878

3000
2000
1000
0
Control

Phytase
Baseline

Week 6

Phytase + Betaine
Week 12

FIGURE 4.1 Inositol levels determined in the raw ejaculate at Baseline (Week 1), Week
6 and Week 121.
1Experimental

top-dresses were as follows: control, which was composed of ground corn
and oil, Phytase, which was primarily composed of ground corn and AB Vista phytase
product Quantum Blue 5G at 1.63% of top dress, and betaine, which was primarily
composed of ground corn with the addition of Vistabet 96 betaine at 20.83% of the top
dress. Measured levels of inositol in the raw ejaculate (µg/mL), where a 2 mL of raw
semen from each individual boar was sent to Purdue University for analysis at Baseline
(Week 1), Week 6 (P = 0.210), and Week 12 (P = 0.390).
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Weekly Temperature (°C)
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FIGURE 4.2 Weekly low and high temperature (°C) and relative humidity (%) readings
were determined and plotted for Phytase + Betaine treated boars1.
1Experimental

top-dresses were as follows: control, which was composed of ground corn
and oil, Phytase, which was primarily composed of ground corn and AB Vista phytase
product Quantum Blue 5G at 1.63% of top dress, and betaine, which was primarily
composed of ground corn with the addition of Vistabet 96 betaine at 20.83% of the top
dress.
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FIGURE 4.3 Weekly low and high temperature (°C) and relative humidity (%) readings
were determined and plotted for Control treated boars1.
1Experimental

top-dresses were as follows: control, which was composed of ground corn
and oil, Phytase, which was primarily composed of ground corn and AB Vista phytase
product Quantum Blue 5G at 1.63% of top dress, and betaine, which was primarily
composed of ground corn with the addition of Vistabet 96 betaine at 20.83% of the top
dress.
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FIGURE 4.4 Weekly low and high temperature (°C) and relative humidity (%) readings
were determined and plotted for Phytase treated boars1.
1Experimental

top-dresses were as follows: control, which was composed of ground corn
and oil, Phytase, which was primarily composed of ground corn and AB Vista phytase
product Quantum Blue 5G at 1.63% of top dress, and betaine, which was primarily
composed of ground corn with the addition of Vistabet 96 betaine at 20.83% of the top
dress.
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Table 4.2 Inositol levels in the raw ejaculate evaluated at Week 1, 6, and 121.
TRT

SEM

Inositol, µg/mL

Control

Phytase

P+B

Pre-Inositol

4,175

5,324

4,333

Week 6

3,819

5,092

4,464

Control Phytase
413

602

P+B

P-value

461

0.210

2,878
3,525
3,512
241
Week 12
449
424
0.390
Week 6 & 12
3,721
4,645
4,139
212
303
244
0.385
R.M.
1Experimental top dresses were fed as follows: control, which was primarily composed of
ground corn, Phytase, which was primarily composed of ground corn and AB Vista
phytase product Quantum Blue 5G at 1.63% of top dress, and Betaine, which was
primarily composed of ground corn with the addition of Vistabet 96 betaine at 20.83% of
the top dress. Top dresses were administered at 80 g directly after a corn-soybean meal
diet was presented. Inositol levels were analyzed for every boar at Week 1 (Pre-inositol),
6, and 12. A repeated measure (R.M.) was also run for Week 6 and 12 inositol levels.
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Table 4.3 Average results from the raw ejaculate over the 12-week boar trial1.
Variables

Control

Boars, n

32

SEM

Phytase

SEM

32

P+B

SEM

32

Age, days

616.31a

14.83

459.78b

10.12

641.73a

16.97

Volume, mL

168.57

2.90

188.33

4.65

160.33

3.28

Concentration (10^6)

582.07

12.31

564.76

13.03

576.06

15.17

Doses of semen, n

36.1

0.76

36.6

0.79

35.04

0.88

Motility, %

88.28

0.50

87.32

0.72

89.11

0.32

Morphology, %

24.5

0.07

0.244

0.093

0.263

0.07

Days’ rest, days

7.21

0.08

7.22

0.09

7.23

0.08

Total sperm (10^9)

98.1

2.05

106.3

2.2

92.3

2.04

Total normal sperm (10^9)

74.5

1.7

80.8

1.9

68.3

1.9

Treatment

Week

Baseline

Age

Rest

P-values

Age, days

<0.001

Volume, mL

0.486

<0.001

<0.001

Concentration

0.535

<0.001

<0.001

Doses, n

0.382

0.004

<0.001

Motility, %

0.334

<0.001

<0.001

Morphology, %

0.348

<0.001

<0.001

Days’ rest, days

0.985

Total sperm

0.449

<0.001

<0.001

Total normal sperm

0.515

<0.001

<0.001

1

0.04

0.091

Experimental top dresses were fed as follows: control, which was primarily composed of
ground corn, Phytase, which was primarily composed of ground corn and AB Vista
phytase product Quantum Blue 5G at 1.63% of top dress, and Betaine, which was
primarily composed of ground corn with the addition of Vistabet 96 betaine at 20.83% of
the top dress. Top dresses were administered at 80 g directly after a corn-soybean meal
diet was presented. Variables listed above were collected and tracked weekly but
displayed as a 12-week average for each treatment.
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Table 4.4 Hand counted spermatozoa on Weeks 1, 3, 5, 7, 91.
Covariates
Variables, %

Control

Phytase

P+B

TRT

WEEK

Percent Normal Sperm

72.3

70

67

0.215

0.177

Percent Proximal

11.2

9.1

11.8

0.173

0.560

Percent Distal

14.6

18.7

19.9

0.106

0.009

Percent DMR

0.5

0.3

0.6

0.256

<0.001

Percent Tails

1

1.1

0.9

0.643

<0.001

Percent Heads

0.4

0.3

0.3

0.819

0.998

1Experimental

Trt*week

0.022

top dresses were fed as follows: control, which was primarily composed of
ground corn, Phytase, which was primarily composed of ground corn and AB Vista
phytase product Quantum Blue 5G at 1.63% of top dress, and Betaine, which was
primarily composed of ground corn with the addition of Vistabet 96 betaine at 20.83% of
the top dress. Top dresses were administered at 80 g directly after a corn-soybean meal
diet was presented. Variables listed above were collected and tracked biweekly by hand
counting 200 spermatozoa and categorizing them.
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Table 4.5 Temperature and relative humidity over the 12-week boar trial1.
Variables

Control

SD

Phytase

SD

P+B

SD

Temperature (°C)

20.83

5.07

20.96

5.22

21.60

4.73

Relative Humidity (RH
%)

89.24

15.08

85.93

14.72

86.74

15.47

1Experimental

top dresses were fed as follows: control, which was primarily composed of
ground corn, Phytase, which was primarily composed of ground corn and AB Vista
product Quantum Blue 5G at 1.63% of top dress, and Betaine, which was primarily
composed of ground corn with the addition of Vistabet 96 betaine at 20.83% of the top
dress. Top dresses were administered at 80 g directly after a corn-soybean meal diet was
presented. Temperature (°C) and relative humidity (RH %) were tracked in each
treatment room every 15 minutes for the entire 12-week trial.
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5.0 General Discussion
The overall objective of these two experiments was to determine if different
nutritional on-farm strategies could be explored in order to help enhance different stages
of pig production.
The three cereal grains were sourced from the United States, Brazil, and
Argentina. The following parameters were measured to determine if the source of corn
impacted nursery pigs: growth performance, digestibility of crude protein and AA, and
energy value. It was observed that the source of corn had little effect on growth
performance measures like ADG and ADFI, regardless of differences detected in corn
quality testing. However, U.S. fed pigs tended to show greater efficiency in terms of G: F
ratio; especially in Week 1 post-wean, with the lowest quality corn compared to Brazil
and Argentina. Although, incorrect feed disappearance measurement, wasted feed in the
pit, or scale error may have altered the true results with a G:F ratio greater than 1,
meaning more weight was gained than consumed.
Though corn quality testing provides valuable insight in terms of nutrient specs,
the quality measures such as BCFM % and sample grading may have little effect on
swine diet formulation. This is subject to greater knowledge of feed milling to eliminate
negative effects of lower quality ingredients and how finely ground the feedstuffs are in
swine diets. Further research should be investigated in comparing corn sources from their
specific location while containing agronomic background information in terms of the
environmental conditions for that growing season (comparing drought corn to normal
corn) and the genetics behind the corn seed being planted. Having more insight and
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history on the cereal grain from specific areas may provide greater knowledge for the
agriculture industry to help determine the proper uses for certain corn from different parts
of the world. Knowing this information would be helpful for grain councils to better
market their grain to other countries if improved performance could be tied to the source
and location of cereal grains. Lower quality graded corn performed similarly to the
highest quality graded corn in this study, which may be beneficial to swine producers as
they could utilize cheaper cereal grains in their diets and reach the same level of
performance. This is evidenced by energy levels and nutrient digestibility of different
corn sources reported in this study.
Individual housing of pigs used in the digestibility and energy trials may have
played a factor in determining more significant results due to the uncommon living
environment and individual feeding they encountered. Isolating a social animal such as a
pig could potentially change their normal behavior and eating habits, opposed to a social
farrowing crate or nursery pen with competition to garner nutrients.
The results of the boar trial by supplementing phytase and betaine would also
show no significant differences compared to normally fed boars in terms of reproductive
performance. Differences in terms of increased distal and DMR droplets on spermatozoa
over the 12-week period, with a greater percentage of normal spermatozoa being found in
boars would suggest that sperm progressively worsened as the trial went on. Week and
treatment by week would also display the significance of spermatozoa worsening through
the summer months regardless of treatment. Although boars were individually fed and
top dressed their designated treatments, a shared trough may have provided inconsistent
dosing of phytase and betaine with the shuffling and sorting of feed in a commercial boar
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stud. With confidence we know that treatment groups were not mixed as each room was
assigned one single treatment. Another limitation to understanding the success of these
products is the cycle of spermatogenesis and how all the boars are producing new sperm
at different times. Knowing the spermatogenesis cycle of each boar would help us
understand the effectiveness of when the boars are exposed to the products.
Missing Week 11 spermatozoa hand counts due to my absence with Covid may
have also had an impact on the true results shown in terms of morphology, as this was the
last hand count analysis to determine if spermatozoa were improving in quality when
boars were entering a new cycle of spermatogenesis. Also, LogTag temperature and
humidity reading data was lost at Week 5 and 10 from. However, the extreme heat stress
that the boars experienced suggests that regardless of treatment, combatting one of the
swine industry’s largest economic burdens may have been too much to handle. The
running average room temperature over the 12-week trial for each treatment room was
slightly lower than what some consider heat stress. Although the relative humidity
averages were astronomically higher than what has been coined as heat stress by previous
boar trials. The boar environments were cooled with cool cells, which would explain why
although temperatures were better controlled, relative humidity would skyrocket. The
combination of both temperature and relative humidity is what makes heat stress so
detrimental to livestock production, although one of these factors alone can pose issues.
Furthermore, I think future research utilizing as many boars as this trial did would
be beneficial while being able to individually feed them without a shared trough. This
change could provide strength to the dataset with more approximate feed intakes.
Different environmental settings in terms of barn design and physical location of the boar
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stud would potentially change the outcome. Nebraska is known for their extreme
summers of both high temperatures and humidity, so looking at different locations where
much lower humidity is found could provide a greater benefit for boar studs in these
areas to improve their reproductive performance. High heat and without elevated
humidity levels will present a lower extremity in terms of heat stress in boars, which may
allow specialty feed additives to better perform in the animal when only combating one
of two heat stress factors. Commercial swine production indoors has helped mitigate
disease transmission and fighting weather elements to improve production compared to
feral swine, yet heat and humidity are still hard to control internally. Newer boar stud
facilities with better ventilation and even air conditioning with the combination of
products like phytase and betaine could potentially improve reproductive performance
compared to using older facilities and cool cells like this study.

78

6.0 LITERATURE CITED
Adeola, O. 2001. Digestion and balance techniques in pigs. Lewis AJ, Southern LL,
editorsSwine nutrition. Washington, DC, USA: CRC Press.
Adeola, O., B. Lawrence, A. Sutton, and T. Cline. 1995. Phytase-induced changes in
mineral utilization in zinc-supplemented diets for pigs. Journal of Animal Science
73(11):3384-3391.
Al-Sa'aidi, J., S. Ali, and M. Al-Se'eide. 2009. Role of dietary supplementation of
microbial phytase in roosters reproductive system efficiency of broiler breeder
(Hubbard flex). Iraqi Journal of Veterinary Sciences 23(Suppl. 2)
Alirezaei, M., G. Jelodar, and Z. Ghayemi. 2012. Antioxidant defense of betaine against
oxidative stress induced by ethanol in the rat testes. International Journal of
Peptide Research and Therapeutics 18(3):239-247.
Amann, R., D. Katz, and C. Wang. 1995. What is semen-How does semen analysis assist
in understanding the reproductive status of the male. JOURNAL OF
ANDROLOGY:25-30.
AOAC. 2005. Official Methods of Analysis 18th Edition. Pub AOAC International
Maryland.
Badke, Y. M., R. O. Bates, C. W. Ernst, J. Fix, and J. P. Steibel. 2014. Accuracy of
estimation of genomic breeding values in pigs using low-density genotypes and
imputation. G3: Genes, Genomes, Genetics 4(4):623-631.
Barros, M. V., R. Salvador, A. C. de Francisco, and C. M. Piekarski. 2020. Mapping of
research lines on circular economy practices in agriculture: From waste to energy.
Renewable and Sustainable Energy Reviews 131:109958.

79

Battaglia, M., W. Thomason, J. H. Fike, G. K. Evanylo, M. von Cossel, E. Babur, Y.
Iqbal, and A. A. Diatta. 2021. The broad impacts of corn stover and wheat straw
removal for biofuel production on crop productivity, soil health and greenhouse
gas emissions: A review. Gcb Bioenergy 13(1):45-57.
Batterham, E. S. 1992. Availability and utilization of amino acids for growing pigs.
Nutrition research reviews 5(1):1-18.
Beadle, G. W. 1980. The ancestry of corn. Scientific American 242(1):112-119.
Bennemann, P. E., E. Milbradt, G. Diehl, D. Weber, A. Schimidt, M. Bernardi, I. Wentz,
and F. Bortolozzo. 2018. Reproductive performance of sows submitted to
intrauterine insemination at different pre-ovulatory intervals. Animal
Reproduction (AR) 1(1):106-110.
Blanco-Canqui, H., and R. Lal. 2007. Soil and crop response to harvesting corn residues
for biofuel production. Geoderma 141(3-4):355-362.
Blaschek, H. P., T. C. Ezeji, and J. Scheffran. 2010. Biofuels from agricultural wastes
and byproducts. John Wiley & Sons.
Bortolozzo, F., M. Menegat, A. Mellagi, M. Bernardi, and I. Wentz. 2015. New artificial
insemination technologies for swine. Reproduction in Domestic Animals 50:8084.
Brahmkshtri, B., M. Edwin, M. John, A. Nainar, and A. Krishnan. 1999. Relative
efficacy of conventional sperm parameters and sperm penetration bioassay to
assess bull fertility in vitro. Animal reproduction science 54(3):159-168.
Braundmeier, A., and D. Miller. 2001. Invited review: the search is on: finding accurate
molecular markers of male fertility. Journal of dairy science 84(9):1915-1925.

80

Cabezón, F., A. Schinckel, B. Richert, K. Stewart, M. Gandarillas, M. Pasache, and W.
Peralta. 2016a. Effect of betaine supplementation during summer on sow lactation
and subsequent farrowing performance. The Professional Animal Scientist
32(5):698-706.
Cabezón, F., K. Stewart, A. Schinckel, W. Barnes, R. Boyd, P. Wilcock, and J. Woodliff.
2016b. Effect of natural betaine on estimates of semen quality in mature AI boars
during summer heat stress. Animal reproduction science 170:25-37.
Chiba, L., D. Kuhlers, L. Frobish, S. Jungst, E. Huff-Lonergan, S. Lonergan, and K.
Cummins. 2002. Effect of dietary restrictions on growth performance and carcass
quality of pigs selected for lean growth efficiency. Livestock Production Science
74(1):93-102.
Clark, J., and I. Ipharraguerre. 2001. Livestock performance: Feeding biotech crops.
Journal of Dairy Science 84:E9-E18.
Claus, R., D. Schopper, H. G. Wagner, and U. Weiler. 1985. Photoperiodic influences on
reproduction of domestic boars: I. Light influences on testicular steroids in
peripheral blood plasma and seminal plasma. Zentralblatt für Veterinärmedizin
Reihe A 32(1‐10):86-98.
Columbus, D., and C. F. de Lange. 2012. Evidence for validity of ileal digestibility
coefficients in monogastrics. British Journal of Nutrition 108(S2):S264-S272.
Correa, J., M. Pace, and P. Zavos. 1997. Relationships among frozen-thawed sperm
characteristics assessed via the routine semen analysis, sperm functional tests and
fertility of bulls in an artificial insemination program. Theriogenology 48(5):721731.

81

Cowieson, A., P. Wilcock, and M. Bedford. 2011. Super-dosing effects of phytase in
poultry and other monogastrics. World's Poultry Science Journal 67(2):225-236.
Diehl, G. N., W. m. S. Amaral Filha, R. Kummer, F. Koller, M. L. Bernardi, I. Wentz,
and F. P. Bortolozzo. 2006. Nova pipeta para inseminação intra-uterina em
suínos. Ciência Rural 36:179-185.
Dyck, M., G. Foxcroft, S. Novak, A. Ruiz‐Sanchez, J. Patterson, and W. Dixon. 2011.
Biological markers of boar fertility. Reproduction in domestic animals 46:55-58.
Ferrari, R., E. Merli, G. Cicchitelli, D. Mele, A. Fucili, and C. Ceconi. 2004. Therapeutic
effects of l‐carnitine and propionyl‐l‐carnitine on cardiovascular diseases: A
review. Annals of the New York Academy of Sciences 1033(1):79-91.
Flowers, W. 1997. Management of boars for efficient semen production. Journal of
Reproduction and Fertility-Supplements only (52):67-78.
Flowers, W. 2015. Factors affecting the efficient production of boar sperm. Reproduction
in domestic animals 50:25-30.
Flowers, W. L. 2008. Genetic and phenotypic variation in reproductive traits of AI boars.
Theriogenology 70(8):1297-1303.
Flowers, W. L. 2020. Reproductive management of swine, Animal Agriculture. Elsevier.
p. 283-297.
Foxcroft, G., M. Dyck, A. Ruiz-Sanchez, S. Novak, and W. Dixon. 2008. Identifying
useable semen. Theriogenology 70(8):1324-1336.
França, L. R., G. F. Avelar, and F. F. Almeida. 2005. Spermatogenesis and sperm transit
through the epididymis in mammals with emphasis on pigs. Theriogenology
63(2):300-318.

82

García-Lara, S., and S. O. Serna-Saldivar. 2019. Corn history and culture. Corn:1-18.
Gwirtz, J. A., and M. N. Garcia-Casal. 2014. Processing maize flour and corn meal food
products. Annals of the New York Academy of Sciences 1312(1):66.
Han, I. K., J. Lee, X. Piao, and D. Li. 2001. Feeding and management system to reduce
environmental pollution in swine production-review. Asian-Australasian Journal
of Animal Sciences 14(3):432-444.
Hernández-Caravaca, I., M. J. Izquierdo-Rico, C. Matás, J. A. Carvajal, L. Vieira, D.
Abril, C. Soriano-Úbeda, and F. A. García–Vázquez. 2012. Reproductive
performance and backflow study in cervical and post-cervical artificial
insemination in sows. Animal reproduction science 136(1-2):14-22.
Hesketh, J. 1982. Effects of dietary zing deficiency on Leydig cell ultrastructure in the
boar. Journal of Comparative Pathology 92(2):239-247.
Jansman, A., W. Smink, P. Van Leeuwen, and M. Rademacher. 2002. Evaluation through
literature data of the amount and amino acid composition of basal endogenous
crude protein at the terminal ileum of pigs. Animal Feed Science and Technology
98(1-2):49-60.
Jondreville, C., J. Van den Broecke, F. Gatel, and S. Van Cauwenberghe. 1995. Ileal
digestibility of amino acids in feedstuffs for pigs. Eurolysine/ITFC Publication,
Paris, France
Kemp, B., G. Barker, L. Den Hartog, and M. Verstegen. 1991. The effect of semen
collection frequency and food intake on semen production in breeding boars.
Animal Science 52(2):355-360.

83

Kerr, B., F. McKeith, and R. Easter. 1995. Effect on performance and carcass
characteristics of nursery to finisher pigs fed reduced crude protein, amino acidsupplemented diets. Journal of Animal Science 73(2):433-440.
Kidd, M., P. Ferket, and J. Garlich. 1997. Nutritional and osmoregulatory functions of
betaine. World's Poultry Science Journal 53(2):125-139.
Kim, B., G. Petersen, R. Hinson, G. Allee, and H.-H. Stein. 2009. Amino acid
digestibility and energy concentration in a novel source of high-protein distillers
dried grains and their effects on growth performance of pigs. Journal of animal
science 87(12):4013-4021.
King, W. A., and P. J. Hansen. 2001. Proceedings of the Annual Conference of the
International Embryo Transfer Society.
Knox, R. 2016. Artificial insemination in pigs today. Theriogenology 85(1):83-93.
Knox, R., D. Levis, T. Safranski, and W. Singleton. 2008. An update on North American
boar stud practices. Theriogenology 70(8):1202-1208.
Knox, R. V., S. L. Rodriguez Zas, N. Sloter, K. McNamara, T. Gall, D. Levis, T.
Safranski, and W. Singleton. 2013. An analysis of survey data by size of the
breeding herd for the reproductive management practices of North American sow
farms. Journal of Animal Science 91(1):433-445.
Kong, C., and O. Adeola. 2014. Evaluation of amino acid and energy utilization in
feedstuff for swine and poultry diets. Asian-Australasian Journal of Animal
Sciences 27(7):917.

84

Kowalowka, M., P. Wysocki, L. Fraser, and J. Strzezek. 2008. Extracellular superoxide
dismutase of boar seminal plasma. Reproduction in Domestic Animals 43(4):490496.
Lei, X., P. K. Ku, E. R. Miller, D. E. Ullrey, and M. T. Yokoyama. 1993. Supplemental
microbial phytase improves bioavailability of dietary zinc to weanling pigs. The
Journal of Nutrition 123(6):1117-1123.
Lewis, A. J., and H. S. Bayley. 1995. Amino acid bioavailability, Bioavailability of
nutrients for animals. Elsevier. p. 35-65.
Li, Y., Z. Lyu, Z. Li, L. Liu, F. Wang, D. Li, and C. Lai. 2018. Effects of feeding level
and dietary supplementation with crystalline amino acids on digestible,
metabolizable and net energy values of corn in growing pigs. Animal Feed
Science and Technology 240:197-205.
Liao, S. F., T. Wang, and N. Regmi. 2015. Lysine nutrition in swine and the related
monogastric animals: muscle protein biosynthesis and beyond. SpringerPlus
4(1):1-12.
Lin, H., S. Chen, C. Huang, Y. Kuo, and L. Wung. 1985. Studies on improving semen
quality of working boars fed diet with addition of vitamin C in summer season.
Ann Res Rep Anim Res Inst Taiwan Suger Corp 73:59-73.
Lipiński, K., E. Szramko, H. Jeroch, and P. Matusevičius. 2012. Effects of betaine on
energy utilization in growing pigs-A review. Annals of Animal Science
12(3):291-300.
Loy, D., and E. Lundy. 2019. Nutritional properties and feeding value of corn and its
coproducts, Corn. Elsevier. p. 633-659.

85

Lugar, D., K. Harlow, J. Hundley, M. Goncalves, J. Bergstrom, and K. Stewart. 2019.
Effects of increased levels of supplemental vitamins during the summer in a
commercial artificial insemination boar stud. Animal 13(11):2556-2568.
Malmgren, L., and K. Larsson. 1989. Experimentally induced testicular alterations in
boars: histological and ultrastructural findings. Journal of Veterinary Medicine
Series A 36(1‐10):3-14.
Marin-Guzman, J., D. Mahan, Y. Chung, J. Pate, and W. Pope. 1997. Effects of dietary
selenium and vitamin E on boar performance and tissue responses, semen quality,
and subsequent fertilization rates in mature gilts. Journal of animal science
75(11):2994-3003.
Marin-Guzman, J., D. Mahan, and R. Whitmoyer. 2000. Effect of dietary selenium and
vitamin E on the ultrastructure and ATP concentration of boar spermatozoa, and
the efficacy of added sodium selenite in extended semen on sperm motility.
Journal of Animal Science 78(6):1544-1550.
Martinez, E. L., and F. J. B. Fernandez. 2019. Economics of production, marketing and
utilization, Corn. Elsevier. p. 87-107.
Mazzarri, G., F. d. Mesnil du Buisson, and R. Ortavant. 1968. Action of temperature and
light on spermatogenesis, production and fertilizing power of boar sperm. Int
Congr Anim Reprod Artif Insemination [Proc]
McGhee, M. L., and H. H. Stein. 2018. Apparent and standardized ileal digestibility of
AA and starch in hybrid rye, barley, wheat, and corn fed to growing pigs. Journal
of animal science 96(8):3319-3329.

86

McNitt, J., and N. First. 1970. Effects of 72—hour heat stress on semen quality in boars.
International Journal of Biometeorology 14(4):373-380.
McPhail, L. L., and B. A. Babcock. 2012. Impact of US biofuel policy on US corn and
gasoline price variability. Energy 37(1):505-513.
Meade, B., E. Puricelli, W. D. McBride, C. Valdes, L. Hoffman, L. Foreman, and E.
Dohlman. 2016. Corn and soybean production costs and export competitiveness in
Argentina, Brazil, and the United States. USDA Economic Information Bulletin
154
Mezalira, A., D. Dallanora, M. Bernardi, I. Wentz, and F. Bortolozzo. 2005. Influence of
sperm cell dose and post‐insemination backflow on reproductive performance of
intrauterine inseminated sows. Reproduction in Domestic Animals 40(1):1-5.
Mills, K. M., U. K. Aryal, T. Sobreira, A. M. Minton, T. Casey, and K. R. Stewart. 2020.
Shotgun proteome analysis of seminal plasma differentiate boars by reproductive
performance. Theriogenology 157:130-139.
Muley, N., E. Van Heugten, A. Moeser, K. Rausch, and T. Van Kempen. 2007.
Nutritional value for swine of extruded corn and corn fractions obtained after dry
milling. Journal of animal science 85(7):1695-1701.
Myer, R. O., and J. H. Brendemuhl. 2004. 4H Project Guide: Swine Nutrition. EDIS
2004(8)
NRC. 2012. Nutrient requirements of swine.
Nyachoti, C., C. De Lange, and H. Schulze. 1997. Estimating endogenous amino acid
flows at the terminal ileum and true ileal amino acid digestibilities in feedstuffs

87

for growing pigs using the homoarginine method. Journal of Animal Science
75(12):3206-3213.
Oh, S. H., M. See, T. Long, and J. Galvin. 2006. Estimates of genetic correlations
between production and semen traits in boar. Asian-australasian journal of animal
sciences 19(2):160-164.
Okumura, N., Y. Kurosawa, E. Kobayashi, T. Watanobe, N. Ishiguro, H. Yasue, and T.
Mitsuhashi. 2001. Genetic relationship amongst the major non‐coding regions of
mitochondrial DNAs in wild boars and several breeds of domesticated pigs.
Animal Genetics 32(3):139-147.
Onyango, E. M., E. K. Asem, and O. Adeola. 2008. Phytic acid increases mucin and
endogenous amino acid losses from the gastrointestinal tract of chickens. British
Journal of Nutrition 101(6):836-842.
Opapeju, F., M. Rademacher, G. Blank, and C. Nyachoti. 2008. Effect of low-protein
amino acid-supplemented diets on the growth performance, gut morphology,
organ weights and digesta characteristics of weaned pigs. Animal 2(10):14571464.
Pettigrew, J., and M. Esnaola. 2001. Swine nutrition and pork quality: A review. Journal
of Animal Science 79(suppl_E):E316-E342.
Rausch, K. D., and R. L. Belyea. 2006. The future of coproducts from corn processing.
Applied biochemistry and biotechnology 128(1):47-86.
Riesenbeck, A. 2011. Review on international trade with boar semen. Reproduction in
domestic animals 46:1-3.

88

Robinson, J., and M. Buhr. 2005. Impact of genetic selection on management of boar
replacement. Theriogenology 63(2):668-678.
Roca, J., M. Broekhuijse, I. Parrilla, H. Rodriguez‐Martinez, E. Martinez, and A. Bolarin.
2015. Boar differences in artificial insemination outcomes: can they be
minimized? Reproduction in domestic animals 50:48-55.
Roca, J., J. Vázquez, M. Gil, C. Cuello, I. Parrilla, and E. Martinez. 2006. Challenges in
pig artificial insemination. Reproduction in Domestic Animals 41:43-53.
Rodriguez, D. A., S. A. Lee, C. K. Jones, J. K. Htoo, and H. H. Stein. 2020. Digestibility
of amino acids, fiber, and energy by growing pigs, and concentrations of
digestible and metabolizable energy in yellow dent corn, hard red winter wheat,
and sorghum may be influenced by extrusion. Animal Feed Science and
Technology 268:114602.
Rodriguez‐Martinez, H. 2003. Laboratory semen assessment and prediction of fertility:
still utopia? Reproduction in domestic animals 38(4):312-318.
Rowley-Conwy, P., U. Albarella, and K. Dobney. 2012. Distinguishing wild boar from
domestic pigs in prehistory: a review of approaches and recent results. Journal of
world prehistory 25(1):1-44.
Ruiz-Sánchez, A., R. O’donoghue, S. Novak, M. Dyck, J. Cosgrove, W. Dixon, and G.
Foxcroft. 2006. The predictive value of routine semen evaluation and IVF
technology for determining relative boar fertility. Theriogenology 66(4):736-748.
Safranski, T. 2008. Genetic selection of boars. Theriogenology 70(8):1310-1316.

89

Schulze, H., P. Van Leeuwen, M. Verstegen, and J. Van den Berg. 1995. Dietary level
and source of neutral detergent fiber and ileal endogenous nitrogen flow in pigs.
Journal of Animal Science 73(2):441-448.
Smith, C. W., J. Betrán, and E. C. Runge. 2004. Corn: origin, history, technology, and
production. John Wiley & Sons.
Smith, D., and D. White. 1988. Diseases of corn. Corn and corn improvement 18:687766.
St-Pierre, N., B. Cobanov, and G. Schnitkey. 2003. Economic losses from heat stress by
US livestock industries. Journal of dairy science 86:E52-E77.
Steiber, A., J. Kerner, and C. L. Hoppel. 2004. Carnitine: a nutritional, biosynthetic, and
functional perspective. Molecular aspects of medicine 25(5-6):455-473.
Stein, H. H., C. Pedersen, A. Wirt, and R. Bohlke. 2005. Additivity of values for apparent
and standardized ileal digestibility of amino acids in mixed diets fed to growing
pigs. Journal of animal science 83(10):2387-2395.
Stein, H. H., B. Sève, M. Fuller, P. Moughan, and C. De Lange. 2007. Invited review:
Amino acid bioavailability and digestibility in pig feed ingredients: Terminology
and application. Journal of animal science 85(1):172-180.
Stewart, K., C. Bradley, P. Wilcock, F. Domingues, M. Kleve-Feld, J. Hundley, and F.
Cabezón. 2018. Superdosing phytase fed to mature boars improves semen
concentration and reproductive efficiency. The Professional Animal Scientist
34(1):95-102.
Technology, A. 2006. Acid detergent fiber in feeds filter bag technique. ANKOM
Technology Method 5, Ankom Technology Macedon, NY.

90

Tosky, E., N. Dysart, S. Swing, and W. Flowers. 2013. Libido, semen characteristics and
fertility of boars housed in crates versus pens. Journal of Animal Science
91(2):123.
Troyer, A. F. 1999. Background of US hybrid corn. Crop science 39(3):601-626.
Velayudhan, D., I. Kim, and C. Nyachoti. 2015. Characterization of dietary energy in
swine feed and feed ingredients: a review of recent research results. AsianAustralasian journal of animal sciences 28(1):1.
Walk, C., S. Srinongkote, and P. Wilcock. 2013. Influence of a microbial phytase and
zinc oxide on young pig growth performance and serum minerals. Journal of
animal science 91(1):286-291.
Walk, C., P. Wilcock, and E. Magowan. 2015. Evaluation of the effects of
pharmacological zinc oxide and phosphorus source on weaned piglet growth
performance, plasma minerals and mineral digestibility. Animal 9(7):1145-1152.
Watson, P., and J. Behan. 2002. Intrauterine insemination of sows with reduced sperm
numbers: results of a commercially based field trial. Theriogenology 57(6):16831693.
Watson, S. A. 1988. Corn marketing, processing, and utilization. Corn and corn
improvement 18:881-940.
Weitze, K. 2000. Update on the worldwide application of swine AI. Boar semen
preservation IV:141-145.
Wettemann, R., M. Wells, and R. Johnson. 1979. Reproductive characteristics of boars
during and after exposure to increased ambient temperature. Journal of Animal
Science 49(6):1501-1505.

91

Wettemann, R., M. Wells, I. Omtvedt, C. Pope, and E. Turman. 1976. Influence of
elevated ambient temperature on reproductive performance of boars. Journal of
Animal Science 42(3):664-669.
White, P., and L. Pollak. 1995. Corn as a food source in the United States: Part II.
Processes, products, composition, and nutritive values. Cereal Foods World
40(10):756-762.
Wilson, M. E., K. J. Rozeboom, and T. D. Crenshaw. 2004. Boar nutrition for optimum
sperm production. Advances in pork production 15:295-306.
Wu, G. 2009. Amino acids: metabolism, functions, and nutrition. Amino acids 37(1):117.
Wu, G., F. Bazer, R. Burghardt, G. Johnson, S. Kim, X. Li, M. Satterfield, and T.
Spencer. 2010. Impacts of amino acid nutrition on pregnancy outcome in pigs:
mechanisms and implications for swine production. Journal of animal science
88(suppl_13):E195-E204.
Wubben, J. E., M. R. Smiricky, D. M. Albin, and V. M. Gabert. 2001. Improved
procedure and cannula design for simple-T cannulation at the distal ileum in
growing pigs. Journal of the American Association for Laboratory Animal
Science 40(6):27-31.
Zhang, R., S. Ma, L. Li, M. Zhang, S. Tian, D. Wang, K. Liu, H. Liu, W. Zhu, and X.
Wang. 2021. Comprehensive utilization of corn starch processing by-products: A
review. Grain & Oil Science and Technology 4(3):89-107.

